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PREFACE 


The purpose of this book is to provide a fairly complete treatment 
of the theory and practice of loud speakers. The contents have been 
deUberately divided into two almost equal parts, Chapters I to XII 
being devoted to theory, whilst practical work is dealt with in 
Chapters XIII to XX. By separating theory and practice, those who 
have not had a mathematical training and whose work is mainly 
connected with testing and design, can turn to the chapters on 
practical work, whilst the mathematical reader will be able to read 
the theory, unhampered by the inclusion of practical details with 
which he may not be well acquainted. There are others who will 
desire to be familiar with both theory and practice, but to whom the 
theory, which on the whole is not elementary, may present difficul¬ 
ties. These readers will have to supplement their study by acquiring 
a knowledge of Bessel functions. To this end the author has written 
a book on Bessel functions and spherical harmonics for engineers, in 
which the theory and its applications to acoustical and electrical 
engineering are explained in a simple manner. 

Throughout the present volume free use has been made of published 
work on the subject, and the author has endeavoured to evolve the 
theory in logical sequence, and to give its practical applications. 
New material has been added in places, whilst that which is of long 
standing has been recast to conform with the rest of the subject- 
matter. The treatment is as rigorous as possible, but of such a nature 
as will appeal to engineers. Owing to space limitations, it has been 
necessary to abbreviate both the analytical and descriptive work 
occasionally, but the reference list will aid those desiring to probe 
the subject more deeply. 

The author has been very fortunate,in securing the help of several 
friends. Dr. C. G. Lamb has read most of the manuscript and the 
proofs of Chapters I to XV. Mr. A. G. Warren has read the manu¬ 
script of published papers and the proofs of Chapters I to XV, whilst 
Dr. S. Goldstein has read the manuscript of Chapters II and XI. The 
author has great pleasure in acknowledging the valuable criticisms 
and suggestions made by these gentlemen. Mr. G. A. V. Sowter was 
associated with the author in a large amount of experimental work, 
when many hours were spent persuading conical shells to divulge their 
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vibrational secrets (Chapter XVIII). The author takes this oppor¬ 
tunity of expressing his appreciation of Mr. Sowter’s co-operation. 

Best thanks are due to Messrs. L. B. Ault (B.T.-H. Co.), A. B. 
Howe (B.B.C.), H. L. Kirke (B.B.C.), H. Midgley (Midgley-Harmer), 
L. H. Paddle (Igranic Co.), and S. S. A. Watkins (Western Electric 
Co.) for information on certain topics mentioned in the reference list: 
also to various Editors for permission to use subject-matter and 
diagrams from the following publications: Anncden der Physik (Figs. 
42, 43, 44), Beil Technical Journal (Figs. 82, 100, 104, 115, 117, 121), 
British Broadcasting Corporation (Fig. 120), Journal Acoustical 
Society America {Figs. 101,122,163, ISi), Journal American Institute 
Electrical Engineers, Journal Franklin Institute (Figs. 62, 167), 
Journal Society Motion Picture Engineers (Figs. 161, 162), Philo¬ 
sophical Magazine (Figs. 13, 15, 16, 19-24, 63, 53 a, 54, 74, 96, 113, 
124-6, 129-31, 139, 142, 148, 165), Proceedings Institute Radio 
Engineers (Figs. 84, 85, 116, 118, 119), Proceedings Physical Society 
London (Figs. 110, 132-7), Proceedings Royal Society London (Fig. 
39), Siemens-Zeitschrift (Figs. 80, 81), Wirdess Engineer (Figs. 36, 
140, 141, 143), Wireless World (Figs. 77, 87, 88, 92, 114, 150, 162 a). 
The Editors of the Philosophical Magazine, Siemens-Zeitschrift, Wire¬ 
less Engineer, Wireless World, and the Council of the Physical Society 
generously loaned blocks for the above mentioned diagrams. 

Drs. H. Backhaus, W. L. Barrow, L. G. Bostwick, W. Hahnle, 
H. Neumann, H. Olson, E. Spenke, H. Stenzel, M. J. O. Strutt, Prof. 
R. D. Fay, Messrs. D. A. Oliver, L. J. Sivian, H. Vogt, and J. Wein¬ 
berger very kindly supplied copies of their scientific papers and corre¬ 
sponded on various topics concerning them. These have all been of 
great service and it is hoped that, in treating the subject, full justice 
has been done not only to their work, but to that of others whose 
names are given in the references. The compilation thereof was 
greatly facilitated by a list of continental pubhcations for which the 
author is much indebted to Messrs. Siemens of Berlin. 


London, 
Fdyruary 1934. 


N. W. M. 
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SYMBOLS 


The list of symbols used herein is based upon the recommendations of the 
International Electrotechnical Commission, At first sight the list appears to 
be very formidable, but by systematic use no difficulty should be encoimtered. 
The great variety of symbols is due to the inclusion of three different sets of 
quantities in the analysis, namely, electrical, mechanical, and acoustical. To 
differentiate succinctly between electrical and mechanical quantities, the 
former are represented in general by capitals and the latter by small letters.* 
The main exception is that of ‘power’, which is convertible from electrical to 
mechanical form and vice versa. Since p is used for sound pressure, the power 
is represented throughout by P. This does not lead to any confusion of thought, 
as will be evident on perusal of the text. Acoustical quantities being of a 
mechanical nature are also represented by small letters. They bear the sub¬ 
script a, e.g. the acoustical reactance. It has been necessary to supplement 
standard letters by others in heavy t 5 q)e. The purely mathematical symbols 
follow standard practice. It is a moot point whether i or j should be chosen 
to represent V( ^ Electrical engineers use the latter, since ^ generally signifies 
the instantaneous value of a current. Since electrical quantities in general are 
shown by capital letters, i has been used to signify ‘the imaginary’ in con¬ 
formity with works on pui’o and applied mathematics. There is a lack of 
standardization in the nomenclature of Bessel functions which is often quite 
confusing. This is especially the case if Iq is written for JJ,, Yq for Kq, or when 
the order of the function is shown as an ‘index’. The symbols adopted herein 
are those used by Gray, Mathews, and MacRobort [213] in their Treatise on 
Bessel Functions; also by Watson [221] in his Theory of Bessel Functions^ as 
indicated by the reference numbers allotted to the symbols in question. 

Throughout the text the root mean square values of all quantities varying 
cyclically are used, unless otherwise stated or implied. In differential or 
circuital equations, the implication of instantaneous values will be readily 
discerned. In other publications the strength of a sound source S is usually 
expressed in terms of the maximum displacement or velocity. In this book 
S refers to the r.m.s. strength of the source, which is more convenient for 
practical purposes. If the symbols are taken to signify maximum values, 
formulae for power must bo divided by 2. 

a ; a^ radius, mathematical constant; absorption coefficient. 

h radius < a, mathematical constant or variable, breadth, 

c velocity of sound in free air, about 3*43 x 10* cm. sec.~* for 

room conditions, c = y/iyPolpo) == V(^/po)* 
d; db. distance between sound sources, or between electrodes in 

speaker; decibels. 

e; e base of Napierian logarithms; sound energy density. 

f total force, total pressure on area; space factor; force per 

unit area. 

g mathematical symbol. 

i V(-i)- 

* There are several unimportant exceptions, e.g. S, T, V, p, k, fi, where it would 
be unwise to depart from well-established usage. 



SYMBOLS 


k\ ki 

hi, 

m; m^; 

m'; m, 

n 

P 

Po 

P 

P 

Pa 

Q 

r; r 
ra 

«; 8 

t 

u 

Wqi etc. 
v; V, 

V) 

x;x, 

X 

y 

z; z 

«« 

2. 

2, 


ix 

phase constant cafe = 27r/A; constant as in J^{kiX), 
length, mathematical symbol; length of air gap in magnet, 
total mass, mathematical symbol; effective mass; mass of 
coil and its former. 

mass of coil alone; mass of coil-former alone, 
accession to inertia; natural mass; equivalent mass, 
turns on a coil, mathematical symbol, 
root mean square excess or sound pressure during wave 
transmission, 
static fluid pressure. 

total pressure during wave transmission (p+Po). 
inertia or reactive component of sound pressure on a surface, 
acoustic or resistive „ ,, ,, ,, „ 

Yoimg’s modulus of elasticity. 

radius, distance of spatial point from vibrator; mechanical 
resistance per unit area. 

acoustical resistance of horn, conduit, tube, or the like, 
mechanical resistance due to sound radiation. 

„ „ „ inherent loss in vacuo. 

effective mechanical resistance due to radiation plus loss, 
response = 20 logiop.^/(-K/-y(B), where p^^ is the average 
pressure (see p. 289). 

mechanical stiffness or constraint; condensation of medium, 
time, thickness. 

radial velocity of spherical vibrator, velocity of particles 
during passage of a sound wave, 
harmonic components of radial surface velocity of spherical 
vibrator. 

velocity of vibrator, air-particle velocity; radial velocity of 
propagation in diaphragm, 
air-particle velocity parallel to z-axis. 
coordinate, radius of circle; effective mechanical reactance 
{am,). 

mechanical reactance per unit area, 
acoustical reactance of horn, tube, or the like, 
coordinate. 

coordinate, ka where a is radius of vibrator; mechanical 
impedance per unit area, 
acoustical impedance of horn, tube, or the like, 
effective mechanical impedance in air (r,-f uuw,). 

„ „ „ in vcuyuo. 

cycles per second. 


A; A, 
C^;C^;0 

D;Di 

E 


area; constant. 

magnetic flux density; flux density in air-gap of magnet, 
electromechanical conversion factor; motional capacity; 
capacity. 

mathematical operator d/dt; constant, 
electromotive force, potential difference. 



SYMBOLS 


F; F(a, /?, y, **) 


G: Gj; G, 


H 

hill 


Ky,K^ 


L; Lq 

Li 

I^m'y 

P 

P 

Q 

B 

Ro 

J?i 

R^ 

Rr 

R, 

R. 

R. 

S; S, S„ 

S^; SM 

T;T, 

U 

V; V 
X 

y.; 

z 

Zo 

Zx 


magnetomotive force; the hypergeometrio function, namely, 
Y ' 

H,{2z) 


1 + ^** + 


«(«+l)j3(j3+l) 

2!y(y+l) 


^). Wl. 

z ’ L * J’ 


where z = &o. 


smz 

z 


y(£) 


Jj(z). 


magnetic field strength. 

Struve’s function of zero order [221]; of imit order, 
alternating or direct current; moment of inertia, 
modified Bessel function of the first kind of zero order [213]; 
of unit order. 

Bessel’s function of the first kind of zero order [213]; of 
unit order. 

modified Bessel function of the second kind of zero order 
[213]; of unit order. 

inductance; inductance of speaker with driving agent 
stationary. 

inductance of speaker with driving agent moving freely, 
motional inductance during vibration in air same 

in vacuo {L^^—Lq). 

power radiated as sound; propagation constant of cable, 
power radiated from both sides of a rigid disk in an infinite 
rigid plane when ka < 0*6. 

Legendre’s function of order n [217], = cos B. 

quantity of electricity. 

electrical resistance, distance from spatial point to vibrator, 
electrical resistance of speaker with driving agent stationary, 
electrical resistance of speaker with driving agent moving 
freely. 

electrical motional resistance in air (JRi—Bq). 

„ „ „ due to soimd radiation. 

„ „ ,, „ mechanical loss in air. 

„ „ „ „ „ loss in vacuo. 

Internal or anode resistance of thermionic valve, 
magnetic reluctance; strength of simple sound source 
— Ux surface area. 

strength of double sound source; spherical harmonic, 
kinetic energy of vibrating system in air; same in vacuo. 
root mean square radial velocity of vibrating surface, 
potential energy of deformation; volume, 
electrical reactance mL. 

Bessel’s function of the second kind of zero order [221]; of 
unit order. 

electrical impedance (R-^-icoL) = (R-^-iX). 

„ „ of speaker when driving agent is sta¬ 

tionary. 

electrical impedance of speaker when driving agent is 
moving freely. 
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xi' 




electrical motional impedance in air 
„ „ „ in vacuo. 


OL (Alpha) 
j3 (Beta) 
y (Gamma) 

8; a (Delta) 
€ (Epsilon) 
L (Zeta) 

7) (Eta) 

0 (Theta) 

K (Kappa) 

A (Lambda) 
fi; (Mu) 


V (Nu) 
^;fo(Xi) 

7r(Pi) 

Po (Rho) 


Pi 

P2> Pi 
a (Sigma) 
t; t (Tau) 


^ (Phi) 

<f>09 <l>v 

9 

X 

i/j (Psi) 

CO (Omega) 


decay factor in e~“*; horn theory, 

flaring index of exponential horn; mathematical symbol, 
ratio of specific heats of air, mathematical S 3 rmbol. 
mathematical symbol; partial differential, 
mathematical symbol. 

frequency correction factor [/„(iA;a)/jPJ,(ifca)] in spherical 
harmonic analysis. For and see Chap. II. 
efficiency. 

angle in spherical harmonic analysis. 

dielectric coefficient; coefficient of cubical elasticity. 

wave-length of sound. 

magnetic permeability, cos 6 in spherical harmonic analysis, 
amplification factor of valve; effective magnetic per¬ 
meability. 

mathematical symbol. 

amplitude; central amplitude, f == fo 

axial velocity and acceleration in harmonic motion. 

circle constant. 

mathematical symbol. 

normal density of air, about 1*22 X 10”® gm. cm.”® under 
room conditions. 

density of air during wave propagation (variable); density 
of material. 

specific resistance of conductor material; mass per unit area, 
density of material; secession to inertia per unit area. 
Poisson’s ratio < 1. 

total radial tension of membrane; radial tension per unit 
length. 

( velocity potential, —d<f>ldx — u the particle velocity, 
angular distance from axis of symmetry in soimd-distri- 
bution problems. 

harmonics of velocity potential in spherical harmonic 
analysis. 

variable parameter, ratio of two quantities, 
angle of longitude in spherical coordinates, 
apical angle of cone. 

27r X frequency, pulsatance or circular frequency. 


r (Gamma) 
A (Delta) 
(Theta) 

A (Lambda) 
Sn (Xi) 

n(Pi) 

2 (Sigma) 

T (TJpsilon) 


mathematical symbol representing the Gamma function. 
„ „ ; dilatation of medium. 


frequency correction factor l/FJ^iksa) in spherical harmonic 
analysis. 

mathematical symbol. 

„ „ signifying ‘sum of’. 
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SYMBOLS 

®(Phi) 

total magnetic flux; total sound flux (not sound-energy 
flux). 

Cl (Omega) 

solid angle = (area of portion of spherical surface)/r*, 
where r is the radius. 

7 * 

L.ptaoe’.ope»K,r-N.l>l. + 


Mathematical Signs 


•f is approximately equal to. 

= is equivalent to. 

> is greater than. 

< is less than. 

^ is much greater than. 

> is equal to or greater than, 
a varies as; is proportional to. 

tends to, approaches. 


96 is not equal to. 

/ divided by. 

^ is not greater than, 
is not less than, 
is much less than. 

< is equal to or less than. 
00 infinity, infinitely great. 
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DEFINITIONS 

Thb following list of definitions is given to avoid any ambiguily in 
the various tenns used throughout the text. Those marked wil^ an 
asterisk are based upon the standardization reports of the Acoustical 
Society of America.t 

1. Bar. A pressure of one d 3 me per square centimetre. This is taken 
as the unit of pressure. 

2. Static pressure (pg). The pressure in a fluid medium in the 
absence of sound waves (bar). Normal atmospheric pressure is nearly 
10* bars, this being the force in djmes due to a mercury column 
76 cm. high and 1 cm.* in cross-section at 0° C. 

*3. Sound pressure (p). The root mean square value of the ex¬ 
cess pressure above or below pg over a complete cycle of a steady 
wave (bar). 

•4. Sound energy flux or power (P). The mean value over one 
cycle of the steady power or energy flow per second in a direction 
normal to any specified area (erg sec.~*; 10’ erg see."* = 1 watt). 
In a progressive or expansive wave travelling with velocity c, the 
energy flux passing perpendicularly through an area A is 
P = p®A//)gC == p^Ali2, 

where pg = 1*22 x 10~® gm. cm.“® and c = 3*43 X10* cm. sec.~*, for 
room conditions at 18°C. and 10* bars. 

*'5. Sound energy density (e). The sound energy per unit volume 
p*/poC® (ergs cm.-®). 

6. Interference. The partial or complete annulment or reinforce¬ 
ment of two or more sound waves of the same fl^uency having diffe¬ 
rent or identical phases at any spatial point. 

7. Diffraction. The change in the direction of propagation due to 
the bending of sound waves roimd an obstacle. 

*8. Nodes. Points, lines, or surfaces of a vibrating system which are 
at rest (zero amplitude). In a fluid there are pressure nodes and 
velocity nodes. At a pressure node the velocity is a maximum and 
vice versa. 


S8S7.S 


t J.AJS.A. 2 (1031), 312; 5 (1933), 109. 
B 
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’^9. Antinodes. Points, lines or surfaces having maximum ampli¬ 
tude. In a fluid pressure nodes are velocity antinodes, and vice versa. 
♦10. Partial nodes. Points, lines or surfaces having a minimum 
amplitude. All practical nodal systems fall into this category owing 
to radiation and transmission losses which imply motion at the nodes 
to replenish the waste. 

11 • Goeflflcient of reflection. The ratio of the power reflected from 
a surface to that impinging upon it. 

♦12. Coefficient of absorption (a^). Unity minus the coefficient of 
reflection, this being the ratio of the power absorbed by a surface to 
that impinging upon it. 

♦13. Reverberation. The persistence of sound in an enclosure due 
to repeated reflections after extinction of the source. 

♦14. Reverberation time. The time required for the average energy 
density, initially in a steady state, to fall to 10“® its original value 
(60 decibels) after extinction of the source. The decay curve may take 
any form. 

♦15. Intensity level. The number of decibels (definition 46) above 
an arbitrary reference-level of 2 x 10“^ bar, the latter correspond¬ 
ing to a power of 10"^® watt cm.-* approximately. If p is the sound 
pressure, the intensity level is very nearly (74+201ogiQp) decibels. 

16. Threshold of audibility. The minimum sound pressure in the 
ear of a sine wave of prescribed frequency, which causes a sensation 
of tone in an absolutely silent place. Curves are usually given for the 
average ear. Sometimes the definition is applied to complex sounds. 
The sound pressure at the threshold is often expressed in decibels 
below some prescribed datum level. 

17. Sensation level. The difference between the intensity level 
and the threshold of audibility for the average ear (decibels). 

♦18. Loudness. The subjective quality of a soimd which governs 
the magnitude of the sensation felt by a normal ear. It is usually 
specified as the intensity level of a 1,000 ~ note which causes the 
same sensation. In finding the loudness of the reference sound, the 
line joining the listener’s ears should be perpendicular to and in 
the same plane as the axis of the source. The latter is to be 1 metre 
distant and should be small enough to radiate spherical waves, whilst 
the influence of reflected waves must be negligible. 
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19. Masking, The increase in the threshold of audibility due to the 
presence of one or more auxiliary frequencies (decibels). 

20. Resistance of medium. The ratio of the excess pressure to the 
in phase component of the particle velocity in a steady progressive 
wave. Under this conditionp = PqCV^ so the resistance of the medium 
is pjv = p^c. When the mechanical impedance per unit area of a 
vibrator is entirely resistive of value p^ c, the resistance of the medium 
in which it vibrates is said to be matched. 

21. Sound flux. The integral of elemental areas and the correspond¬ 
ing particle velocities in the direction of the normal taken over an 
imaginary surface in the path of a sound wave, i.e. H vdA. When the 
velocity is constant over the surface and normal to all parts thereof, 
the flux is the product velocity-area, vA. This must not be confused 
with sound energy flux (power). 

22. Baffle. A structure or acoustic barrier which completely or 
partially prevents interference of sound waves from different parts 
of a vibrator which move in antiphase. In a rigorous sense this 
includes a horn. The commonest type of baffle is a flat board, the 
diaphragm or vibrator being in a hole at the centre. An infinite rigid 
plane is adopted in analytical work, this giving perfect screening, 
but cutting off one side of the vibrator (see Fig. 18 a ). 

♦23. Acoustical impedance ( 2 ;„). The complex quotient of the pres¬ 
sure per unit area, assumed constant over an imaginary surface, and 
the sound flux through the surface. This gives = pjAv. When 
either p or v or both vary over the surface, is found by summing 
the acoustical admittances (see 26) over the surface, and then taking 
the reciprocal. 

Thus 2 "p^ ~ ^/ J J (p) (a^coustical ohm).f 

♦24. Acoustical resistance (r^). The real part of the acoustical 
impedance. It is associated with the dissipation of energy (acoustical 
ohm). 

♦25. Acoustical reactance {x^). The imaginary part of the acous¬ 
tical impedance (acoustical ohm). It is a wattless component and 
prevents the pressure and particle velocity being in phase. 

t p and V must be in absolute units to obtain dyne sec. cm.~’« 
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26* Acoustical admittance ( 1 / 2 :^). The reciprocal of the acoustical 
impedance (acoustical mho.) 

27. Impedance per unit area (z). The complex quotient of the 
pressure per unit area and the particle velocity in a direction normal 
thereto (pjv). When applied to a vibrator the radial velocity of the 
surface is intended. 

28. Simulating impedance. When the impedance per unit area 
of a sound source or the like cannot be found by rigorous methods, it 
is necessary to replace the source by a massless vibrator whose impe¬ 
dance per unit area can be evaluated. For example, the mouth of 
a horn can be replaced by a sphere one-half of which pulsates radially, 
whilst the other half is quiescent. 

29. Accession to inertia (m^). The additional mass or inertia of a 
vibrator due to the reciprocating flow of fluid in its neighbourhood. 
*30. Mechanical impedance {z^. The complex quotient of the 
driving force and the velocity it creates in the same direction at its 
point of application.! (Mechanical ohm or dyne cm.“^ sec.) 

♦31. Mechanical resistance (r^). The real part of the mechanical 
impedance. It is associated with dissipation of the energy supplied 
by the driver. (Mechanical ohm.) 

♦32. Mechanical reactance (x^). The imaginary part of the mechani¬ 
cal impedance associated with a wattless component due to a mass 
or to fluid inertia. It causes the driving force to be out of phase with 
the velocity. (Mechanical ohm.) 

33. Effective mass (m^). The quotient of the mechanical reactance 
at the driving point and the pulsatance a>. It can be positive (mass), 
zero (resonance), or negative (stiffness). Curves showing the rela¬ 
tionship between effective mass and frequency depend upon the posi¬ 
tion of the point of application of the driving force and its direction 
relative to some axis of the vibrator. For example, the effective mass 
of a centrally driven disk depends upon the direction of the drive 
relative to the axis. A different result is obtained if the drive is 
applied at some point between the centre and the edge. Accordingly, 
there is an infinite number of m^-frequency curves for disks, cones, and 

f The difference between acoustical and mechanical impedance must not be con¬ 
fused. In the one case waves travel in some form of conduit or channel which impedea 
their progress. The greater the area the smaller the impedance. In the mechanical form 
something is being driven, so the greater the area driving the medium the greater the^ 
impedance opposing motion. 
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the like. Unless otherwise stated a central axial drire is intended. 
(Gramme). 

34. Equivalent mass (m,). The rigid mass which, when it moves 
with the same velocity as the point of maximum amplitude of a 
vibrator, has the same kinetic energy as the whole vibrator. (Gramme.) 

35. Stiffness («). The static force required to cause a linear displace¬ 
ment of 1 unit (cm.), if the stressed structure were truly elastic over 
this range. In practice it is the slope of the force-displacement curve 
usually referred to the linear portion. (Dyne cm.“^.) 

36. Compliance (1/s). The reciprocal of the stiffness. 

37. Dynamic deformation curve. The shape of a vibrator during 
vibration. In a rigorous sense the deformation refers to a ‘surface’. 
When the vibrator is symmetrical about an axis, the dynamic 
deformation curve is the shape of a section by an axial plane. 

38. Electrical motional impedance (Z„). The difference in 
electrical impedance of a sound reproducer or the like when the driving 
element is free and when it is fixed. It can be measured in a fluid or 
in vacuo. (Ohm.) = R^+uoL^. 

39. Motional Inductance {L^. The difference in inductance of a 
sound reproducer or the like when the driving agent is free and fixed. 
(Henry.) 

40. Motional capacity (C„). The capacity concomitant with 
motion of the driving element of a sound reproducer due to its 
association with an electromagnetic or an electrostatic field. Its value 
can be found from the motional inductance since (7„ = — l/a**X„,. 
(Farad.) 

41. Electrical motional resistance (i2,„). The difference in electri¬ 
cal resistance of a sound reproducer or the like when the driving agent 
is free and when it is fixed. It includes the influence of mechanical 
loss and sound radiation. (Ohm.) 

42. Electrical radiation resistance (R,). That portion of the 
electrical motional resistance due to the radiation of soimd. (Ohm.) 

43. Electromechanical conversion factor (C‘). A factor used to 
convert an electrical quantity into its mechanical equivalent, and vice 
versa. In a moving-coil system Z„ = C* (Chap. VII), this being the 
square of the product of the length of wire and the mean magnetic flux 
density in the air-gap of the magnet {2iTmBg)* in absolute electoo- 
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magnetic units. C is also the mechanical force on the coil per unit 
current (abs.): or the e.m.f. induced in the coil per unit axial velocity. 
(See Chap. VII.) 

44. Transient wave-form. A species of wave-form which never 
attains the steady or continuous periodic state. A growth or 'start’ 
transient occurs when an e.m.f. is applied to a reactive circuit, whilst 
a decay or 'stop’ transient occurs when the current is interrupted by 
breaking the circuit. Effects of a similar nature occur with mechani¬ 
cal vibrators. 

45. Electrical and mechanical equivalents 

In the design of sound-reproducing apparatus and in the solution of 
various problems in the domain of acoustics it is often of material 
assistance to conduct the analysis in electrical terms and then trans¬ 
form to the mechanical ones. The necessary electrical quantities and 
their mechanical equivalents are tabulated below: 


Electrical, 

Voltage E 
Current I 
Quantity Q 
Besistance R 
Reactance X 
Impedance Z 
Inductance L 
Capacity C 
1/Capacity 1/(7 

Z = R~\-i(A)L 
= R+iX 

= jB2+(coL~l/a>(7)2 
E^IZ 
P = PR 
= (E^IZ^)R 


Mechanical, 

Force / (dynes) 

Velocity v, ^ (cm. sec.”^) 
Displacement ^ (cm.) 
Resistance r (dyne sec. cm.”^) 
Reactance x (dyne sec. cm.~^) 
Impedance z (dyne sec. cm.“^) 
Mass m (gm.) 

Compliance 1/^ (cm. dyne"^) 
Stiffness s (dyne cm.”^) 

z == r+icom 
= r-\-ix 

= r2+(a>m—5/a>)2 
f = VZ = (D^Z = ^z 

P = vV = f V 

= iP/zy. 


The electrical quantities are preferably expressed in absolute 
electromagnetic rniits, but they can be, and often are, expressed in 
the practical or derived units volt, ampere, etc. Under the latter 
regime care must be exercised in transcribing from the electrical to 
the mechanical system, particularly when the two systems are inter- 
oomq^cted. For example, in a hornless moving-coil speaker the 
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motional capacity due to the coil vibrating in the magnetic field is 
= w/C*, where m is the total mass and the electromechanical 
conversion factor (see definition 43). If m = 25 gm. and = 10^*, 
the value of is 2*5 x 10 “*^^ absolute electromagnetic units. Since 
1 farad is 10 “® absolute e.m. units, the capacity is 2*5 x 10 * micro¬ 
farads. 

46. The decibel 

The unit of sound pressure is 1 dyne cm.~*, which is about 10 ~* the 
normal atmospheric pressure. Since the perceived intensity of sound 
is a relative thing, a unit is required which gives some conception of 
comparative loudness. Experimental measurements pertaining to the 
human ear indicate that variation in the perceived loudness of sound 
follows a logarithmic law. If a pure note of 500 ~ is sounded at a 
certain audible intensity (dynes cm.~*), it is heard by an observer at 
a definite loudness level. To increase the loudness by a perceptible 
amount the acoustic power P must be augmented 9 times, where 
9 can be determined by experiment. If the first loudness is I and the 
second m/, the power densities in a room are P and 9 P. Starting 
with ml and 9 P as a new datum, let the loudness again be augmented 
by ml. The two quantities are now 2ml and 9 ( 9 P) == 9 *P respec¬ 
tively. The power corresponding to an n-fold increase in loudness at 
m units a step is evidently P^ = P^^, Thus, taking logarithms, the 
number of degrees increase in loudness corresponding to is 

logic <P 

For convenience 9 is taken as 10 , so = ^og^^(PJP), The unit so 
obtained is termed the ‘bel’ after Graham Bell the inventor of the 
telephone. This being too large for most practical purposes it is 
customary to use the deci-bel. Thus n = 10 logio(P^/P) decibels. 
The bel or the decibel is devoid of dimensions since it is the logarithm 
of a power ratio. 

To put the preceding into more concrete form suppose we take an 
example. In loud speakers the power output for specified conditions 
varies with the frequency. If at 1,500 P = 15milliwatts, whilst at 
2,boo P = 60 milliwatts, the level at the latter frequency is then 
101ogio(60/15) == 6 decibels above that at 1,500 At any frequency 
a minimum variation in level is required before it can be detected by 
ear. The change in level depends upon both loudness and frequency. 
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A common average figure is from 2 to 3 decibels, i.e. a power ratio of 
1*6 to 2. At frequencies below 200 more than this is required, but 
it depends upon circumstances, e.g. the presence of other tones. 

47. Analytical substitute for conical shell 
The acoustical behaviour of a conical shell with or without a baffle 
(definition 22) has not yet yielded to analytical treatment. In pro¬ 
blems associated with (a) sound pressure on vibrating surfaces, (6) 
power radiated at low frequencies, (c) spatial distribution and the 
like, it is convenient to replace the cone by a rigid circular disk 
vibrating in a rigid plane of infinite extent. The latter combination 
can be treated analytically. This is also a useful artifice in deriving 
the theory of coil-driven diaphragms. A cone with a finite baffle can 
be represented approximately at low frequencies by two spherical 
caps vibrating in the same direction at opposite ends of a diameter. 
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1. Introduction 

When a body of any shape whatsoever vibrates harmonically in a 
fluid of inflnite extent, longitudinal waves are propagated outwards 
at the frequency of vibration. During wave transmission the fluid, 
in contiguous half wave-lengths, is condensed and rarefied cyclically. 
Prom an analytical viewpoint these states are identical except in 
regard to sign. Prom hydrostatical principles we know that if an 
excess (+ or —) pressure occurs at any point in a fluid, it is felt 
everywhere, i.e. it spreads out so to speak in every direction, just as 
a gas expands to All a vessel into which it discharges. Consequently 
the excess pressure due to longitudinal waves caused by a vibrating 
body is transmitted in all directions. If we imagine a very small 
radially-pulsating sphere situated in the fluid, its pulsations spread 
out spherically and affect the whole space occupied by the fluid. The 
power transmitted through any concentric spherical surface is con¬ 
stant, and since the superficial area is 47rr* the power per unit surface 
varies as 1/r*. When r is large enough, the power is so small that 
the vibrations are undetectable. Expressed analytically the excess 
pressure at an infinite distance is evanescent. 

During the passage of waves past any point in the fluid, the particles 
of which we conceive it to be constituted are in vibration. The greater 
the amplitude the larger the excess pressure. The particles are 
assumed to move to and fro along the direction of the wave. 

We can commence with elementary physical facts pertaining to a 

fluid. If these are expressed in analytical form, it is possible to make 

calculations relating to the propagation of sound waves from vibrating 

bodies of different shapes. First of all we have to establish a form of 

stress-strain relationship. During wave transmission the density 

varies due to fluctuation in pressure. If is the density in the 

undisturbed state and p the value at any epoch during transmission, 

the ratio s 

P—Po ^ ^ s 

Po Po 

is termed the condensation. From this we have 

P = Po(^+®)* 


( 1 ) 
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It should be observed that Sp is not necessarily infinitesimal. In 
many propagation problems it is finite although only a small fraction 
of pQ. The change in density is accompanied by a corresponding 
alteration in volume, so we get 


_ SF . 

the dilatation or change in volume per unit volume. 

Thus V == Fo(l+A). (2) 

In any gas pV = PqVq, which by aid of ( 1 ) and ( 2 ) gives 

(1+8)(1+A) = 1. (3) 

Provided s and A < 1, (3) gives s = —A which means that the 
characteristic of the medium for small variations in density and 
volume is linear. 

In a fluid under pressure we can write 


stress , X • X • SF 

— = volumetnc strain , 


( 4 ) 


where k is the bulk modulus or coefficient of cubical elasticity. Now 
stress is force per unit area = 8p, so we have 


8 K s’ 


(5) 


where Sp is not necessarily infinitesimal. Since the gas law is of the 
form pF" = const., to secure constancy of k, 8p must be a very small 
proportion of the steady pressure to which the fluid is subjected. But 
8p = p— Po> so the total pressure is 


P = f’o+'fS. 

Using the value of s from ( 1 ), we can write 

( 6 ) 


(7) 


Formulae (6) and (7) arc applicable, for a constant value of k, 
when the variation in density and, therefore, the value of s, is small 
enough to preserve a linear characteristic, i.e. the working arc of the 
pressure-volume curve of the gas is small enough to be regarded as a 
straight line. In a rigorous sense an infinitesimal amplitude is implied. 


2. Plane sound waves of infinitesimal amplitude 

Since the bulk modulus of an incompressible fluid is infinitely large, 

so also is the velocity of propagation, provided the density is finite. 
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Consequently, the excess pressure due to vibration in the fluid is felt 
everywhere instantaneously. We know from experiments relating 
to Boyle’s law or from various common devices, e.g. cycle or car 
tyre pumps, that air is readily compressed. This precludes the 
possibility of high velocities of propagation. If the velocity were 
thirty times its normal value, the well-known focusing of sound 
radiation from loud speakers would not occur in the audible frequency 
range. 

A hypothetical train of plane waves is one which extends indefi¬ 
nitely in both directions, its face being plane, and its rate of progress 


Pqi 1^1 ^0 


6xk- 


Direction oF propajabion 


To or igin 


(Amp^tudc) 






Fig. 1 


constant. Expansion does not occur, and in the absence of dissipation 
its amplitude is maintained at a definite value. In practical acoustics, 
where sources are relatively small, plane waves in a rigorous sense do 
not exist. But over restricted distances there are cases where the 
propagation is approximately plane, although the pressure decreases 
with increasing distance, e.g. p oc 1/r 

Referring to Fig. 1, consider a plane perpendicular to the 
paper situated at a distance x from a hypothetical source of plane 
waves. The air particles oscillate normal to which is their 
mean position. At the instant depicted in the diagram the particles 
originally at are shown at which is distant ^ from ijij. 

They are travelling towards the left. The particles initially at^j^ 
are now at PJ PJ. 

The distance ijii, originally 8a:, is now PoPj = 8a:+8a:(0^/0a!), 
where d^jdx is the rate at which ^ changes with distance x. Since 




PRINCIPLES OF SOUND PROPAGATION 


the mass of fluid between the planes ioii is the same as that between 
P[ pQ, its density p must be less than its undisturbed value pg. 




this being known as the equation of continuity. Considering the 
forces acting on unit area of the plane, we have 
force = mass x acceleration 

8 p= 


If 

then from ( 8 ) 


- 0-3 




p = PoKi+i'J 

or (l+f;) = po/p. 

(10) 

11 

1 


( 11 ) 

From (10) and (11) —— 

Po 

- 

- I ■ 

\Pol 

( 12 ) 

Multiplying both sides of ( 12 ) by dp/dp we obtain 


1 8p _ 
Po8x ~ 

(pV^t^r 
\Po/ ^P 

(13) 

Equating (9) and (13) we get 



II 

pyepd^i 

JqJ dp dx^* 

(14) 


This equation is valid for any amplitude whatever be the relationship 
between pressure and volume, e.g. pF =• const., pFv = const. 

From (7) by partial differentiation, dp/dp = k/p^, whilst in (14) 
p — Po when the pressure variation is infinitesimal. Thus from (14) 
we obtain, under the latter condition [216],f 




where c* = k/pq. 


* Since p == P+Po* ^P the latter has been used frequently in what 

follows. 

t All numbers in square brackets denote the reference list at the end of the book. 
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The complete solution of (15) is 

i =fiM+fa[») 

= fi(x-ct)+Mx+ct), (16) 

where/i and/, are arbitrary functions of x and t. 

Formula (16) gives the displacement of a particle, at any time f, 
whose undistmrbed distance from the origin is x. Obviously the 
dimensions of et are the same as those of x, which implies that c is 
a velocity. Taking the term fi(x—ct), if t increases by and a: by 
we get/i[a;+cii—c(<4-^i)] — St(x—ct) so that f is unaltered. Hence 
fi(x—ct) represents a wave travelling in the positive direction of x 
with velocity c. Similarly/ 2 (a:+c<) represents a wave travelling in the 
reverse direction. With the latter we are not immediately concerned, 
so that for our particular purpose the solution of (16) is f = fi{,x—et). 
This represents the form of the disturbance at the source. If the 
latter is harmonic, we can write the particle displacement from its 
central position at x as 

$ = $QCOs(kx—tot) = $f,oos{cot—kx). (17) 

At any time t the wave form is given by ^ = ^ocos(fcc—a), where 
a = o)t, so the wave-length A = 2n/k. Since the velocity c = A/, it 
follows that the distance phase constant k = co/e — 2ir/X. 

Differentiating (17) twice we get 



== 

dx^ 

—k^$oOOB{kx—<ot) 

(18) 

and 


—co^io cos(kx—iot). 

(19) 


It follows from (18) and (19) that 

8t» dx^‘ 

Thus (15) is reproduced, as it always will be, 
employed to represent the wave form.* 

3. Three-dimensional sound waves of infinitesimal amplitude 
Consider a very small parallelepiped or box of volume SxSySz at 
some point in a fluid (Fig. 2), through which longitudinal waves are 
travelling. The fluid in the parallelepiped is in motion. Sometimes it 
is rarefied, at others condensed. Consequently the density varies, and 


( 20 ) 

whatever function is 


* This explains in a concrete way, the meaning of *arbitraiy function*. 
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sinoe the volume is unaltered, its mass changes cyclically. There are 
two variables, (1) the density, (2) the particle velocity. The coordi¬ 
nates of the point A on the parallelepiped being x, y, z with reference 
to some suitable origin O, let the particle velocities parallel to the 
three axes be u, v, w, respectively. The foundation of an analytical 
relationship between the quantities involved is the constancy of 
volume SxSySz. The mass of fluid lost per unit time at any epoch is 
the product of volume and change in density per unit time. Thus the 
rate of mass change of the volume SzSySz is 

—( 21 ) 

where the negative sign indicates decrease of density with time. 



Now consider the fluid flow into and out of the faces of the paral¬ 
lelepiped. Owing to change in density and velocity over the length 
Sx, the amount entering A BCD differs from that leaving EFGH. 
The mass flow per second at A BCD into the parallelepiped is the 
product of area, particle velocity, and density, namely, 

SySz{pu). (22) 

If the rate of change of velocity-density with distance is d{pu)jdx^ the 

change in mass per second per unit area in the length Sx is 8x. 

Thus the mass flow per second through EFOH out of the paral¬ 
lelepiped becomes 

8yBz{pu)+^-^^\hxBy8z). (23) 

OX 

The difference between (22) and (23), namely, -^^(BxBySz) is the 

OX 
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difference in the mass of fluid entering and leaving the parallelepiped 
in the direction of the x-axis. Similarly the variations along ihe 

y- and z-axes are {SxSyhz) and ^^^^(SxSyBz), respectively. Thus 

by addition the total mass flowing out of the parallelepiped per 
second is 

Since this is equal to the rate of decrease of mass within the parallele¬ 
piped, using (21), we have 


ra(pu) 

,Hpv),B(pw) 

[ Bx 

^ By ^ Bz ^ 


r0(^), a(pr), 8{pw) 


L 8x 


Hence 


^ By ^ 
B{pu) 


(SxSySz) — —^(SxSySz). 
Bt 


Bx 


Bz 


BJj^) B(p^ = 

' By Bz Bt' 


(24) 

(26) 


The relationship in (25) is known as the equation of comiirmity 
[219]. In this equation there are no restrictions regarding the ampli¬ 
tude of the sound waves. When the latter is infinitesimal, we have 

from (1) by differentiation, = in (25) p =: so 

dt dt 

_ pq^. Thus for infinitesimal amplitudes (25) can be written 
ox ox 


_ du dv dw _ 5s 


(26) 


this being another form of the equation of continuity which we shall 
require later on. (—O' is the flux change per unit vol., see def. 21.) 

4. Equations of motion 

The variation in pressure per unit area along the x-axis of the 

parallelepiped in Fig. 2 is ^ 8a;, so the resultant force on the parallele* 

ox 

piped in the direction of a: is — ^ {SxSyBz). The mass of fluid subjected 

OX 

to this pressure is p{8xSy8z), the acceleration along the a;-axis being 
dujdt provided the particle velocity is small.* 

Since force = mass x acceleration, we have 

dp du 


Bx ^ Bt 


( 27 ) 


with similar expressions for the y- and z-axes. 


* When w is not small, i.e. for finite amplitudes, the acceleration is 
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IVom (6) by differentiation ^ provided 8 is small enough 

for K to be constant. Substituting this value in (27) and putting 
p = po, we get 


du _ K ds __ 1 Bp 

Pq 3cc Pq 3x 


(28) 


since k/p^ — c* for infinitesimal amplitudes. The expressions involv¬ 
ing y and z are similar to (28). 


5. Velocity potential (^) 

Before going further it is necessary to introduce a new function 
termed the velocity potential. It was first introduced into hydro- 
dynamical problems over a century ago by Lagrange. By definition 
we have n, 

”--S- p*) 


where <f) is the velocity potential and u is the particle velocity parallel 
to the a;-axi3. The expressions for the velocity components v and w 
are similar. An electrical illustration may clarify the situation. 
Consider the flow of current in a purely resistive conductor. If the 
resistance per unit length is B, the resistance of a length dxis Bdx, 
the voltage drop due to a current I being 


Thus if i2 is unity 


8E = 


7 = 


— RIdx. 
dx’ 


so that on comparison with (29), I is equivalent to the particle 
velocity and E to the velocity potential. A formula of type (29) is 
valid, i.e. a velocity potential ^ exists, when viscosity and heat con¬ 
duction are neglected, and the motion is assumed to be started by 
mechanical forces having a potential energy fimction [216]. 


6. Pressure at any point in fluid 
Prom (28) —^ and from (29) u = — 

dp _ ^ _ 8 (d(Pi 

dx ^^8x8t ^'*dx\8tl' 


so 


(30) 
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Integrating (30) we get p = pq-^+ const* When the fluid is in a 

quiescent state we can put ^ = 0, so that d<f>ldt = 0 and p = Po 

nonnal atmospheric pressure. Hence P = Pn^+Po excess 

at 

pressure 

(31) 

This is an important relationship which is valid for infinitesimal 
amplitudes. 


7. The equation for <f> 

From (28) and (30) 


— 

~ dx \dt /’ 


and by integration, 


whence 


c®8 = const.,t 

dt ~ c2 dfi ' 


Since u — — 8^f8x, v = —d^jdy and w = —d<f>ldz, we have from 
(26) and (32) 

_r^ (32a) 

[dx^^ 8z<^\ dt^ ' ^ 


where 


^ c* ’ 

dx^ dz^ 


The condition expressed in (33) must be satisfied at every point in 
a fluid through which soimd waves are transmitted [219]. If the 
differentials in y and z are omitted from the left-hand side of equation 
(32 a), we obtain oojl s^ 2 jl 


which is identical with (15) excepting that ^ is replaced by Thus 
(34) represents the condition to be satisfied in plane wave propaga¬ 
tion. 

For sinusoidal motion ^ = ^^cosco^ and d^<f>Jdt^ — 

* Strictly this should b© p = +/(t)+conBt., but in the present instance 

eft 

a function independent of a; is not required, 
t See footnote to § 6. 

8837.3 


O 
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Substituting this in (33) we get 
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(35) 


dx^ * dy^ ‘ dz^ 

Written in Laplaoian notation (35) becomes 

(V2+A;2)^ = 0, (36) 

and this is the condition to be satisfied everywhere in the fluid when 
the pressure variations are infinitesimal and harmonic. 


8. Solution of (V^-f 0 for spherical vibrations 

The simplest vibrations with which we can deal pertain to a sphere. 
By varying its radius or making it vibrate in different ways, a con¬ 
siderable amount of information can be obtained which is of service 
in the design and operation of loud speakers. Since we are concerned 
with surface vibrations only, it is now necessary to deduce an expres¬ 
sion for the velocity potential at any point in the fluid, due to vibra¬ 
tion of the sphere. Consider Fig. 3. where the source is a sphere of 
radius a whose centre is O. Let be an arbitrary point, on an outer 
concentric spherical surface of radius r, whose rectangular coordinates 
with respect to the centre as origin are x, y, 2 . Then we have to 
determine ^ to satisfy (36). The first step is to transform to spherical 
coordinates, namely r, d, Xf where x = rsin^cos^, y == rsin^sinx, 
z = rcosd (see Fig. 3). If we proceed on analytical lines to effect the 
transformation from rectangular to polar coordinates, the work will 
be tedious and protracted. It is simpler to establish the required con¬ 
dition regarding ab initio, from purely physical considerations. 
In Fig. 4 A BCD is an elemental area SA on a spherical surface, the 
particle velocity normal thereto being The ‘flux’, or volume of 
fluid flowing per unit time through 8.4 is v^^hA = —hA(d<f)ldn) from 
(29), where n is written to signify that the direction is along the normal 
to the surface. Since we established (36) on the basis that p = p^, we 
now regard the variation in density across an elemental volume to be 
negligible. The variables are, therefore, the particle velocity —d<f>ldn 
and the area 8A, both of which alter progressively as the fluid passes 
from one area 8.4 (ABCD) to another 8^4^ (EFOH, Fig. 4). The 
difference in flux entering 8.4 and that leaving 8-4i, in the direction 
of the normal, is the product of length and flux change per unit length, 



We have now to apply this formula to the 


84 ) = 
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Fig. 3. Diagram illustrating spherical polar coordinates. 

ON = = rsind; OM = a? = rsin^cosx; MN = y = rsin^sin;^; 

OJVi = PiJV = z = rcosd; OPj = r = radius of sphere; ^ = angle 
ZOPx; X “ longitude. The area shown black is r sin Odx-r d9 = 
r* sin 0 dSdx- Elementary zonal area = 2Trr Bin 0 ,rd0 = — 27rr* dfi ; 
fi = cos 



elemental volume ABCDEFOH of Fig. 4. Taking the flux change 
across this volume in three mutually perpendicular directions we 
have for ABCD, EFGH: 

BA = r^amdBdBx, 
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60 


-ll^r^sinffSffSxjSr, 


(37) 


where Sr is now written for 8n. 

For DCOH, ABFE: 

SA = rsind SrS^, dn = r8d, 

so SO, = —^f—rsinflSrSy 

* 8e\r8e ^ 

and for BCGF, ADHE: 

BA = rBrSe, 




60 


84),= 


dn 


e I d(f> 


rsinB dx, 
r SrS^Sx- 


(38) 


(39) 


dx V ® 

Adding (37), (38), (39) and dividing by the elemental volume 

r^sin^StfSxSy*, 

we get 

this being the flux change per unit volume. From (32 a) and (35) 

O' = 

c^di^ ^ 

for harmonic motion, so that on expansion of the first term in (40) we 
obtain 


8r 


1 d, 


8in0^0\ 




which is a well-known differential equation [217] of spherical har¬ 
monics.* This equation is merely (33) expressed in spherical coor¬ 
dinates, and any sinusoidal value of at a point in the fluid must 
satisfy it. To simplify (41) we can consider the case where <f> is 
symmetrical about the polar axis ZOZ' and does not vary with x* 
Then d^(f>ldx^ = 0 and (41) degenerates to 

Sr‘^ er 




(42) 


This equation is applicable when the vibration of a sphere is radial 
or axial. Its solution [217] involves zonal surface harmonics, or as 
they are usually designated, after their discoverer, Legendre functions. 
These functions are denoted by i],0a), where n signifies the order 


* From a physical viewpoint a spherical harmonic represents 4 sphere deformed m 
a certain way. It has nothing to do with frequency. 
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and IX = COB 8 (Mg. 3). In the soluticni, P„(jx) is associated with a 
complex constant, so that instead of using J^Qx) alone, we have 
S^iix) — Cl Pniix), where S„(ix) stands for a spherical harmonic of 
order n and c^ is of the form x+iy* 

The value of >}> which satisfies (42) can be expressed as a series, or 
harmonic expansion, each term of which is separately a solution. 
Thus if is proportional to the zonal harmonic of order n, the 
solution of (42) can be written [217] 

^ = ^0+^1+—+^n- (43) 

The orders of the harmonics which appear in any particular 
expansion are solely dependent upon the radial velocity of the 
spherical surface, i.e. its dynamic deformation curve (see definition 
37). The solution of (42) [219] for order n is 

= lsj,x)e-%{z)+l8l,Me^U-z), (44) 

r r 


where z* = ikr^ r — distance of point from centre of sphere, and 


2.4.6...2» 


2-n (45) 


The first term in (44) refers to sound propagated outwards from the 
vibrating sphere, whilst the second represents radiation inwards. 
With the latter we are not concerned, so this radiation will be 
regarded as completely absorbed. Thus for our particular purpose 

QO 

the solution of (42) is 2 where 
11-0 

<f>n = ^^J^e-%(z). (46) 


In this formula the spherical harmonic S^{fi) determines the influence 
of the angle 0 in Fig. 3 upon the value of 
The solution of (42) can also be given in terms of Bessel functions 
whose order is half an odd integer, i.e. but the above form 

is more suitable for our purpose. 


9. Relationship between <f> and radial velocity of surface 
The particle velocity due to the nth harmonic at a point distant 
r from the centre of the sphere is from (29) and (46) 

* These symbols must not be confused with the cartesian coordinates, x, y, z. 


(47) 
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Remembering that is independent of r and that z = ikr, we get, 

on differentiating the bracketed quantity, 

- ^ (48) 

where /;(z) = (49) 


Denoting the bracketed quantity in (48) by F,^(z) 

V = —F (z) 

" 8r ^ 


(60) 


By virtue of the imaginary in c~- and F,Xz), the particle velocity is 
complex and appears in the form x+iy. At the surface —d<f>ldr 
is equal to the radial velocity of the sphere, and it can be represented 
by an harmonic expansion. Thus if u is the radial velocity at any 
point on the sphere, we have 


U — + + (^ 1 ) 

which is akin to (43). In (51) is proportional to the zonal harmonic 
of order n. Since at the stirface of the sphere where r 

we have from (50) o , . 

= -lTe-^>‘-F„{ika), (62) 

CL 

pikci 

and, therefore, /"(fej ’ 

where a is the radius of the sphere. 

Substituting the value of /S„(/x) from (53) in (46) we get * 




(64) 


this being the velocity potential due to the wth harmonic at a distance 
r from the centre of the sphere. At the surface, r = a and (54) 
reduces to 


<f>n = 0''»>nU 


( 66 ) 


where J 


_ fni^ka) 

» F„(ikay 


which is a factor depending upon the frequency 


of vibration and the order of the harmonic. Several of the functions 
/„ and are given in Tables [219] 1 and 2. 


* When r is very great= 1. 
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Table 1 


F^m=x+iy; 


n 

X 

y 

0 

1 

kr 

1 

2 

kr-Zjkr 

2 


kr—9lkr 

3 

7~60/ifc*r* 

kr-21lkr+mjkh» 


Table 2 

fj,ihr) =a;'-f iy'. When kr is very great f„(ikr) = 1. 


n 

x' 

y' 

0 

10 

0 

1 

10 

-1/A*r 

2 

1-3/ikV* 

-^Ikr 

3 

1-15/A;V* 

^Qjkr+Ulk^r^ 


From the preceding analysis it is clear that if u is the radial velocity 
of the sphere, it must be expressed as an harmonic expansion, so that 
on multiplication of each component by the appropriate factor 
[see (55)] and subsequent substitution in (42) the result is zero; that 
is to say, the condition (7^+k^)(f> = 0 is satisfied for each individual 
harmonic. 

Since the radial amplitude at any point of the spherical surface is 
proportional to the radial velocity u, it follows that if the zonal 
harmonics are plotted with respect to /x or 0 and added, the result 
represents the dynamic deformation curve to some scale. 

10. Formulae for zonal spherical harmonics (Legendre func¬ 
tions or polynomials) 


Table 3 


Forfntda 

Order 

p,= 1 

Zeroth 

J“i = M 

Unit 


Second 

Pa = 1(V-3m) 

Third 

P» = i(36^*-30^*+3) 

Fourth 

Pt = i(«3/-70/i»+16/*) 

Fifth 

and 80 on. 


H = C08 0 




(a) 


Po|k)*' 


0 e Air 

_ 

•It 




(b) 



yiaUmglitude 
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Polynomials of higher orders can be found by aid of the recurrence 

Haxmonics of two orders are plotted in Fig. 5 a. The zeroth order 
corresponds to radial action of the sphere as a whole, since the 

deformation is identical every¬ 
where. Unit order yields a cosine 
curve and signifies that the axial 
velocity is constant, whilst the 
radial velocity varies as fi = cos 0. 
Odd harmonics contain odd powers 
of /i, and even harmonics even 
powers of /n. Thus vibration of the 
sphere which is symmetrical about 
the equatorial plane (Fig. 3) entails 
even harmonics only. On the other 
hand, vibration of the sphere which 
is identical directionally in the two 
hemispheres, e.g. axial motions as a 
whole, is associated exclusively with odd harmonics. Deformation of 
the surface corresponding to the sum of the zeroth and unit harmonics 
is portrayed in Fig. 5 b , this being 

11. Expansion of radial velocity in zonal spherical harmonics 

From (51) we have the radial velocity at any point on the sphere 

where being a constant to be determined. Thus 

we get ^ _ ^Qi^(/x)+i4iii(/i)+...+j4^i^(/i,)+.... (56) 

To find the ?^th coefficient A^ we proceed as with Fourier’s series, 
i.e. multiply both sides of (56) by and integrate. Since 

0 varies from 0 to tt over the spherical surface, cos 0 = has limits 
±1. Now +1 

J PmWP«(p) dn = 0 


Vti 

Fig. 5 a and b 


~1 


when m^n (compare the Fourier case). If m = 
is l/(»+i), so + 1 -fl 

/ diJ. = A„j [i^(/x)]* dfi = 


-1 


-1 


n the above integral 
n+^ 
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+1 

or = (»+J) J tti’(/i) d\L. (67) 

-1 

Thus the nth harmonic in the expansion of the radial velocity is 

+1 

-1 

When the sphere is deformed over a portion of its surface only, 
the integral in (58) must be split up. If one hemisphere is quiescent, 

1 

«« = (n+i)P„0i) J uPjfi) dll +0. (69) 

0 

We are now in a position to solve any problem relating to the 
vibration of a sphere which involves zonal surface harmonics. 


12. Small spherical source. (Point source) 

From (54) the velocity potential due to the harmonic of order zero 
which pertains to a radially pulsating sphere is 


^ r 


(60) 


since u = 11 ^= U. The value of <f> in (60) is the solution to (41) when 
the motion of the spherical surface is independent of 0 and x- We 
then have a, j o a j 


From Table 2 f^{ikr) = 1, and since a is very small JJ,(ijka) = 1. 
Thus (60) can be written 

<l> = (61) 

where U is the root mean square radial velocity of the surface pulsating 
harmonically. Now the area of the vibrating surface is whilst 
the flux or amount of fluid passing outwards per second is = S, 

this velocity-area being known as the strength of the source. 


Q-ikr 

* The solution of (60a) is ^ ^-1—^—• The first term represents a diverg- 

r r 

ing wave and the second a converging w’ave. For our purpose, therefore, ^ ^-, 


Ai being found from the condition that the surface velocity U 
taking ka 1, (61) is reproduced. 



. By 
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From this relationship a* = SI4^U, which on substitution in 
(61) yields o 

<f> = (62) 

4i7TT 


When a is evanescent, a so-called ‘point source’ is obtained and 


then 


<f> = 


47rr 


(63) 


The particle velocity at a point distant r is, from (29) and (63), 



(64) 

or taking the modulus |v | “ » 

(66) 

this being the root mean square value. 



From (31) p = pQd<l>ldt. To determine d<f>ldt the time factor 
must be introduced, so we write (63) in the form 




47rr 


( 66 ) 


which is tacitly imderstood to hold in all our work. 

Differentiating (66) with respect to t and then omitting the time 
factor, we obtain 


i.e. 


p = ipQW<f>, 
ipofoS 


P 


~ikr 


477r 


(67) 
(67 a) 


13. Power radiated by simple source 

The power passing radially through unit area on the surface of a 
sphere ot radius r, whose centre is that of the source, is the pro¬ 
duct of pressure (67 a) and the component of the velocity in phase 
therewith (force x distance per sec.)- The required velocity is the 
S ik 

term --from (64), the distance phase factor e-^^ being omitted. 

47r T 

Thus the power per unit area is pQco^S7167rV*c, since k = a>/c. The 
area of the spherical surface through which the radiation passes 
being the total power radiated is 

P = (68) 

4itC ' 
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Writing S = VA — 47ra*at^o, where fg is the r.m.8. amplitude, by 
aid of (68) we obtain 

P = (69) 

c 

and this is the power radiated by a radially pulsating sphere of 
radius a provided ka < 0-5. 

14. Deductions from foregoing analysis 

From (64) it is seen that the particle velocity consists of two parts in 

S ih 

time quadrature. Neglecting the factor the part --is in phase 

4it t 

with the pressure, whilst is in quadrature. Near the source 



Fig. 6. Diagram illustrating relationship 
between the pressure and particle velocity 
in a spherical wave near the source. 


the wattless component S/4jir* preponderates since the 

pressure and velocity being well out of phase. The angle between 
p and V is clearly B — tan“^(l/lT), and the power factor is 

Curves illustrating this are given in Fig. 6. When $ is small, 

= l = A 

kr 27 rr’ 

or r = Xl2nd. Now cos B = 0‘984 when B = 10®, so that r — 9A/w*, 
which means that for all practical pmposes the pressure and particle 
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velocity are in phase one wave-length from the source. In evaluating 
the sound radiated by vibrators of various kinds, use is made of the 
fact that the pressure and particle velocity are in phase at a great 
distance from the source. In (64) by choosing r large enough, the first 
term can be made to swamp the second. Then omitting i, v = 
p = pQcoS/477r, and since k = cu/c it follows that p = p^cv whenp and 
V are in phase. If v is the in-phase part of the velocity, the relationship 
is valid up to the source. Although the pressure and particle velocity 
fall out of phase as the source is approached, the power remains 
constant. From (67a) and (68) we find that P = ^nr^p^lp^c, so that 
by placing a pressure-measuring device (a microphone) within a 
wave-length of the source, p, and therefore the power, can be found. 
For accurate results the microphone must be sufficiently small to 
leave the sound-field undisturbed. Also the distribution of radiation 
must be uniform, i.e. the source must be small compared with the 
wave-length (see Chap. V, § 1). The velocity component S/47Tr2 from 
(64) is associated with a flow of fluid chiefly in the neighbourhood of 
the source. It is entirely wattless and merely adds to the inertia of 
the source, thereby reducing the driving force available for doing 
useful work. 

In a rigorous sense the results in this section apply to a pulsating 
sphere when the wave-length is large compared with its radius a. 
The distance r is measured from the centre of the sphere and cannot 
be less than a. The analysis, however, can be used for a disk or a 
conical diaphragm provided A > a and r ^ 10a. 

15. Extension of ‘tiny source* concept 

So long as the dimensions of a vibrator are small compared with the 
wave-length, it can be regarded as a point source* except in its 
immediate neighbourhood. This follows from the fact that the radia¬ 
tion due to any elemental area on the surface, assumed to act alone, 
is propagated uniformly into infinite space. Since the difference in 
distances from a remote point to any two elemental areas on the 
vibrator is small compared with the wave-length, all pressures arrive 

♦ It is well to realize that this is merely a mathematical artifice. If the strength 
of the source S = UA is to remain finite, though very small, then since A —> 0, 
U -> 00, which would have disastrous consequences m practice! The point source is, 
therefore, applicable to infinitesimal amplitudes only. In considering a fiat diaphragm 
or a conical diaphragm of radius a as a point source, formulae (63), (64), (67 a), and 
Fig. 6 are only applicable when r ^ 10a. 
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at Pi in substantially the same phase. Thus interference does not 
occur, and the point source concept is permissible. Formula (68) is 
valid provided S represents the product of superficial area and radial 
velocity, the latter being constant in the cases considered hitherto. 
When u is variable, we have dS ^ udA as an elemental source, 
so the strength of the whole source is S = Jf u d.4. For example, in 
the case of a sphere one-half of which is quiescent, the other vibrating 
axially, U cos 6 from 0 to and zero from to tt (Fig. 20), so 

we get iff 

S == 27ra^U J cosOsinO dd 


= TTaHJ = iUA = Tra^co^Q, (70) 

where is the amplitude, oj^q = U, and A is the superficial area of the 
hemisphere. From (68) and (70) the power radiated by the hemi¬ 


sphere is 




If the radiation from one side of a rigid disk or a conical shell of 
radius a is suppressed, S = rra^U = rra^oj^Q provided of course A > a. 
The power radiated is therefore identical with that from an axially 
vibrating hemisphere as in (71). For radial vibration of the hemi¬ 
sphere the effective area is 27Ta^, so S == 27ra^a>^o and 


this being one-quarter the power radiated if the whole sphere were in 
action radially. [Compare with (69) where S has double the value 
given by (72).] 

As a final example, take the case of two hemispheres vibrating in 
opposition at each end of a spherical diameter. The strength of the 
source is obviously double that of one hemisphere in (71), and the 
power four times as much, since from (68) P varies as S^. The result 
is therefore identical with (72) as might be anticipated, since the 
effective areas are equal. The preceding formulae for P are valid at 
low frequencies where the propagation is spherical. At higher fre¬ 
quencies the propagation departs from the spherical type and the 
formulae are no longer valid. It is then necessary to use spherical 
harmonic analysis as shown in Chapter VI. 
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16. Influence of solid angle 

Hitherto we have confined our attention to radiation into spherical 
space, i.e. in all directions. Choosing the source as origin the solid 
angle into which it discharges is 47r. Imagine a small rigid circular 
disk vibrating axially in an equal aperture in an infinite rigid plane.* 
The solid angle into which each side of the disk radiates sound is 
277. If S is now identical with that for one side of the disk without 
the plane, the particle velocity is doubled since diffusion from the 
side in question takes place into one-half of infinite space. Hence the 
pressure is doubled also, which is evident from (64) and (67 a) when 
477 is replaced by 277. At a great distance from the disk, where 
p and V are in phase, the power per unit area is quadrupled. But since 
the integration now extends over a hemisphere, the total power 
radiated by one side of the disk is not quadrupled but doubled. The 
influence of the plane, therefore, is to double both the rate of working 
and the total pressure on the source due to radiation. It is shown in 
the preceding section that the power from one side of a rigid disk 

1 4>2 

radiating into infinite space is ^ --—From above it follows that 


the power radiated from one side when the disk vibrates in an 
infinite plane, where Q = 277 , is 


P _ 

2c 


(72 a) 


The power from both sides is, therefore, 

p _ 

c ’ 


(73) 


provided A > a. These results are of prime importance in the design 
of hornless speakers with large baffles. 

From (63) the velocity potential at a distance r from a simple source 
radiating into infinite space is ^ = Se“^*^/477r. Introducing the 
infinite plane close to the source halves the solid angle, so 




Sc-’*’’ 

2Trr 


(74) 


Applying this to a vibratiug area A forming part of the plane, we 
have from the previous section, S = JJ « dA, and from (74) 



tie 


’-ikr 


dA. 


r 


* This is to be regarded as an infinite baffle (see definition 22). 


(76) 
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In (76) u is the radial velocity of the element which varies in general 
according to the location of dA on the vibrating surface. In this case 
it is normal to the plane. From (29) u = —d<f>/dn, where n is written 
for X. Substituting this value of in (75), we obtain the very impor¬ 


tant formula 



d<f>e-'^ 
dn r 


dA. 


(76) 


The preceding integral gives the velocity potential at a distance r due 
to the combined effect of elemental areas vibrating with normal 
velocity u = —8<f>ldn on one side of an infinite plane. If the motion 
is harmonic, then u — —8<f>l8n = This formula is the basis of 
all analyses pertaining to the distribution of sound radiation from 
fiat surfaces vibrating in an infinite rigid plane. 

In general when the solid angle is reduced below 4^' to a value Q, we 
have for a simple source G^-iicr 

-c • <”) 


from which it follows that the particle velocity and the pressure are 
both increased in the ratio ^n/Q. The power per unit area on a distant 
surface of radius r is of its value for diffusion into the whole 

of infinite space. Since the area intercepted by the solid angle is 

the power is increased in the ratio ^ • Thus from (71) 


the power radiated by a small disk vibrating axially with velocity 
a)^Q near the apex of a conical horn of infinite length and solid angle 


47r po Trails ^ ^ /PqCo^ S^ 

Q 4c Qc Qc 


Formula (78) is valid when A > a/£l*, where a is the radius of the disk 
which fits the small end of the cone perfectly. As D diminishes the 
pressure on the disk increases, the phase angle between the pressure 
and surface velocity decreases so the power factor rises.* In fact 
the arrangement becomes increasingly efficient. A greater amount 
of useful work is done and the fiuid fiow associated with inertia pres¬ 
sure decreases with reduction in the solid angle £2. Finally, when £2 -> 0 
the formula fails and other means have to be adopted to find the power 
from a rigid disk at one end of an infinite cylindrical tube. It is clear, 
however, that since the pressure and velocity are in phase, the inertia 

* Since the size of disk is fixed, its distance from the apex of the cone increases 
with decrease in Q. Thus cobO = cos[tan”^(l/A;r)] steadily approaches unity. For 
practical purposes we can imagine the small end of the cone to be removed. 
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component is evanescent. Thus the impedance of an infinite cylindri¬ 
cal tube is a pure resistance, whether or not its diameter is small 
compared with the wave-length (£2 == Ajr^, so in (12) Chap. X put 
r = oo). 

The preceding formulae embodying £2 are only applicable when the 
cone extends to infinity. For example they could not be used for a 
conical diaphragm 5 cm. radius at the small end of a conical horn 
180 cm. long. Here the power transmitted by the diaphragm at low 
frequencies is refiected at the mouth of the horn. The strength of 
the refiected wave increases with fall in frequency. It is in antiphase 
with the transmitted wave, so the low-frequency output steadily 
decays due to neutralization. Above a certain frequency the infiuence 
of refiection is unimportant as shown in Chapter X on Homs. 


17. Double source 

When a small circular disk vibrates axially in free fluid, the pressure 
at any point therein consists of two components, one from the front, 
the other from the rear. These components are in opposite phase at 
the disk or at any two points symmetrically situated respecting 
its plane, and the vibrator is known as a double source. Moreover, 
any diaphragm vibrating in free fluid without a baffle (see definition 
22), or with a finite baffle at low frequencies, is regarded as a double 
source. The shape of the diaphragm is immaterial. If in the baffleless 
state the size of the diaphragm is evanescent, a double point source is 
obtained. This is another delightful mathematical fiction. Since 
every point in the fluid is equidistant from both sides of the source, 
the net pressure is zero unless the amplitude of the disk is infinite! 

Consider two equal simple sources +S,—S of opposite phase 
distant 2d from each other (Fig. 7 a). From (63) the velocity potential 
at Pi due to the first is 

^2 = > 


and to the second 






47Tri 


The net velocity potential due to the two sources is thus 
S g-ifc(r+«?co80)^ 


^ = ^ a +^1 


4fit I r—d cos 6 r-\-d cos 6 f 


2iT(r‘-{-d‘coB^ffj 


{d cos 6 ooa{M cos d)-\-ir sin(H cos fl)}. (79) 
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When d<^r, 


, iS sin(hd cos 6)e-^ 

^ 2^r 


Since sina #= a when a — kd cos 6 is small, (80) reduces to 


i(2Sd)&cos0e~**^ 

-’ 

provided kd ^ 0*5 and r^d. 

Neglecting the imaginary i, and apart from the factor ifc, we see on 
comparison of (81) and (63) that (2Sd) = can be regarded as the 




Fig. 7a and b 


Strength of the source. Cosfl designates the spatial distribution of 
the soimd radiated as shown in Fig. 7 b. Care must be exercised to 
interpret the strength of a double source correctly. increases with 
increase in d because larger separation entails reduced interference 
from the oppositely vibrating simple sources. In practice the strength 
of a double source does not increase indefinitely with increase in 
since (81) is only applicable when kd < 0*5 and d^r. This aspect 
of the subject is discussed in detail in sections 20 and 21. In formula 
(79) when kd is sufficiently small, cos(id!cos0) === 1, and 


sin(Mcos0) 4= feicos0. 

If d is also small, r*^d®cos*0 quite near the source, and (79) 


reduces to 


, _ S^CO8 0C-<*' 
4iTr 


(i+ii). 
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The component SaCOsd/^Trr^ is associated with flow of the fluid in 
the neighbourhood of the source (see definition 29), whilst 


iS^kcosB 

47rr 


(82a) 


is associated with the radiation of sound. Since from (67) the 
pressure is ipowtf), the latter component is in phase therewith. The 
inertia component being dependent upon l/r^ falls away rapidly with 
increase in distance from the source. 


18. Power from double source 

At a great distance from a double source, if kd < 0*5 we have 

from (81) iSakcosde-^'" 

9 = -7—- • 


From (29) the particle velocity at a distance r is 

^ dr 47r \r^ rj' 

and from (31) the pressure 

d<f> 

nr% r\ _L 


pQ wS^ k COS 6 


the time factor being inserted before differentiation and removed 
afterwards. The power passing through imit area on the surface of 
a sphere of radius r whose centre is the source, is the product of 
pressure and the velocity in phase therewith. From (83) the velocity is 

—P cos 9 
47rr 

whilst the pressure is given by (84). Thus the power per unit area 
AP = pqcd^SIcos^O/IGtt^^c^, To find the total power radiated by the 
double source, this expression must be integrated over the whole 
spherical surface of radius r. Referring to Fig. 3, the power passing 
through a zonal surface of radius P^N = r sind is dP = AP 27Tr ^sin 6 dd, 
so the total power 

P = j oosW d{coa9) 

0 

_ Pott>*Sg 
127rc® ’ 


provided kd ^ 0-5. 


(85) 
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Formula (85) is applicable to a disk or a conical diaphragpi 
vibrating in a finite bafile at low frequencies where the propagation 
(not the distribution) is spherical. If the baffle is circular of radius 
d, this being several times the diameter of the diaphragm, 

= 2Sd = 27ra^dco^Q. 

Owing, however, to the conditions differing from those of two 
separate sources in free fluid, d must be replaced by an effective 
value. As shown in § 21 this is found by experiment to be about 
0*7d which gives the strength of the double source as \*4i7rda^o)^^. 
Inserting this value of in (85) we find that the power from a baffled 
diaphragm is approximately given by 

oc 

This shows that at any low frequency the power increases as the 
square of the size of the baffle, provided the amplitude of vibration is 
constant. In practice if the driving force is invariable in magnitude, 
increase in d is accompanied by a decrease in amplitude due to 
enhanced radiation and inertia pressure on the diaphragm, i.e. the 
mechanical impedance increases (see definition 30). 

Apart from the reduction in amplitude cited above, (86) must be 
interpreted with caution, since the power tends to infinity as d oo 
which is impossible. It has been stipulated that led < 0*5, but (86) can 
be extended up to led = without serious practical error. If 
d ~ 90 cm. its effective value is 0*7 x 90 — 63 cm. and the upper 
frequency limit of (86) is 100 At this frequency halving the 
radius of the baffle to 45 cm. results in a reduction in power to J, 
i.e. 6 decibels, which could easily be detected by ear. When led > 
the analysis in § 21 must be used. 

19. Vibrator without baffle 

When the radius of the baffle is comparable with that of the dia¬ 
phragm the above analysis is invalid. We have defined the strength of 
a double source as = 2Sd, where S represents the strength of a 
single source and 2d is the distance between the two sources of opposite 
phase. This can also be* expressed by the integral JJ v2d dA = 
where dA represents two elemental areas (each dA) at the extremities 
of a line of length 2d. For example, dA might be like portions at each 
3nd of a chord parallel to the polar axis of an axially vibrating sphere. 
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It follows that Sa is in the nature of a velocity-volume. At frequencies 
where the wave propagation is spherical, it can be shown [216] that 




" koosde-^ 


(87) 


where V is the volume of the solid and is the accession to inertia, 
i.e. the added mass due to the fluid (see deflnition 29, and Chap. III). 
Comparison with the formula (82 a) shows that the strength of the 

source is now Sj = |f+—U sing (86) the power radiated by 

a vibrator acting as a double source is 


P = 


Po“>*^o /t7 I 

12vc3\ 


( 88 ) 


For an axially vibrating sphere of radius a, mjpo = (Chap. Ill, 
Table 4, when ka < 0-6), whilst V = § 770 ®. Substituting these values 
in (88) the power is 6*2 


Formula (89) is identical with no. 3 in Chapter VI, Table 9 (ka ^ 0*5) 
found by another method. For a circular disk of radius a, mjpo — |a® 
(Chap. Ill, § 4, method 2), whilst F = 0. Thus from (88) the power 
radiated is 16 o 

(90) 


2I7T 


The influence of shape is seen by taking the ratio of the power from 
a sphere to that from a disk of equal radius executing the same axial 
amplitude. Thus from (89) and (90) 

Fd “ 16 1 ■ 

The superiority of the sphere is due to reduced interference of the 
radiation from the two hemispheres vibrating in opposite phase, since 
the distance from pole to pole of the sphere is na whereas that for the 
disk from centre to centre is only 2a. Also the radial velocity of the 
sphere falls off towards the equator, whilst that of a disk is constant, 
so the interference is greater in the latter case. 


20. Flat baffle* 

When a rigid circular disk vibrates axially, the air on each side of it 
is alternately compressed and rarefied. If the air at the front is com- 


♦ See definition 22. 
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pressed, that at the rear is rarefied, so there is a pressure difiference 
between the two. Consider any point in Kg. 7 a, in the plane of 
a bafOieless disk at 0, vibrating along the axis X'OX. Radiation 
reaching Pg from both sides of the disk consists of two components 
of equal magnitude, one being positive, the other negative, so the 
pressure on the plane is zero everywhere. At the radiation is partly 
positive and partly negative, but P^ is nearer one side of the disk 
than the other, so complete neutralization does not occur (see Fig. 7 b 
at an angle d where ^ ^ 0). 

If the disk is associated with a concentric coplanar rigid plane 
several times its own diameter, the length of the air-path between 
the two sides is increased. The greater the diameter of the plane, the 
smaller the interference between the radiation from the two sides of 
the disk. In practice the plane is simulated by a fiat baffle board. As 
we shall show later, there is a limit beyond which increase in diameter 
of the baffle is ineffective in augmenting the power. 

To assess the magnitude of the interference at it is essential 
to consider the wave-length of the vibrations. If the waves are 
long compared with the diameter of the disk, radiation from the 
back and front of the disk reaches points like Pi almost in anti¬ 
phase unless a baffle is used. If the distance from the rear to Pi 
is augmented by a baffle, the phase angle decreases and the out¬ 
put increases. Rise in frequency entails reduction in A, so with 
a baffle of fixed dimensions the consequent diminution in phase 
angle is accompanied by enhanced output. At high frequencies, 
where A is comparable with the diameter of the disk, the radiation 
is projected from each face of the disk in the form of a beam 
(Chap. V) and the influence of a baffle in increasing the output is 
negligible. 

It is hardly feasible to treat either a flat disk or a conical shell in 
a flat baffle by rigorous analytical methods. The interference between 
front and rear is serious at low frequencies only, and with aflat baffle 
the air distance between the two faces is the chief item. On this 
understanding the problem can be readily treated by a simple artifice. 
At low frequencies the sound distribution from one side of the disk 
acting alone is spherical, and at a great distance the disk can be 
regarded as a small source. Thus the double source concept of § 17 
can be applied. 

Prom (80) the velocity potential at a distant point Pi due to the 
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double source is <k = where has been dropped. 

^ 27Tr 

But from (67) the pressure p = ipQOi(f> which on substitution of 

from above gives « 

p = —sin(Mcos0), (91) 

27JT 

the negative sign being omitted. 

When kdQOSB = \{2n+ l)7r, n being a positive integer, the pressure 
is a maximum, whilst for kd cos 0 = nw it is zero. Corresponding 
to any angle 6 (except ^tt) there are a series of zero and maximum 
values of pressure as either the frequency or the distance between 
the sources, or both, is increased. This is of paramount importance in 
testing loud speakers with finite baffles, either in ‘dead’ rooms or in 
the open air. If the microphone is stationed at any angle 0 with the 
axis of the speaker, there are one or more frequencies throughout the 
acoustical register where the above effect is experienced. On the axis 
cos 0 = 1, so the conditions for maxima and zeros are kd = 4(2w+1)??’ 
and kd = nn, respectively. In practice with a flat baffle conditions 
are not absolutely those postulated above, and the zero is replaced 
by a minimum. These points are exemplified in Fig. 118 which repre¬ 
sents an actual outdoor test. The minimum occurs at 460 ~ and the 
maximum at 230 The influence of baffle size is also shown in 
the same diagram. Below 200 ~ there is an almost constant difference 
of 7 decibels between the curves for baffles 4 ft. and 2 ft. 6 in. square, 
respectively. At 460 the smaller baffle gives the greater output. 
Thus if one listens on the axis to a 460 ~ note whilst the size of the 
baffle is gradually increased, a point is reached when the loudness is 
a minimum. 

The distribution of radiation for various values of kd is shown in 
Fig. 8, where it is seen that a baffled double source has definite 
directional characteristics. At very low frequencies the polar curve 
is two circles. As the frequency rises, interference occurs on the axis 
and for M = tt the pressure is evanescent. It is instructive to com¬ 
pare these curves with those for an axially vibrating sphere [156 a]. 
The latter is a double source without a baffle, and the distribution 
is represented by two circles. The influence of a baffle, therefore, is 
to modify the interference between the two sides of the diaphragm 
in such a manner that the spatial distribution is altered profoundly, 
a series of maxima and zeros occurring on the axis. 
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21. Power radiated 

From Chap. VI, § 1, formula (2), we have 

P — j p%in 0 dO. 

^ 0 



Fig. 8 


Using formula (91) for p we obtain 


ttc kd 


2nc kd 


J sin*(fei cos 6) d(kd cos 6) 
u 

Jtr 

J [1—cos(2i*d cos 0)] d(kd cos 0) 


Poa>2S2L^sin2M 


provided r^d. The expression in brackets is plotted in Fig. 9, the 
curve being somewhat similar in appearance to that of 


Gi = 



t/i(2fca)‘j 

ka . J 


shown in Fig. 17. Apart from the first maximum, which exceeds 
unity, the power radiated does not increase with increase in the 
separation of the sources beyond 2d = |A. The power oscillates about 
a value equal to that radiated by one side of a rigid disk in an infinite 
baflle at low frequencies when the propagation is spherical, S being 
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identical in both cases (disk and simple source). The ultimate result 
of using a large bafiOie is in effect to shut off one-half of the loud 
speaker. This approximates to the case of an infinite flat baffle. 
But we must not fall into the error of assuming that the two cases 
are identical in all respects, for the distribution of radiation with the 
finite baffle is focused, whereas with an infinite baffle it is uniform 
in all directions, provided ka 0*5, a being the diaphragm radius. 

These results are applicable to radiation into free space when the 
distance r from the centre of the diaphragm is large compared with 


r3 ji sin^kd 

ZsinZI 

Zkd 
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the length of the side of the baffle (if square). In an ordinary room 
conditions are modified due to reflection and to standing waves. Con¬ 
sequently the power radiated and the sound distribution will differ 
from that obtained above. 

If we assume 2d to represent the distance round the baffle from 
centre to centre of the diaphragm, we have to find 2d in terms of 
the length of the side of the baffle. From Fig. 118 with a baffle 4 ft. 
square the output decays below 200 whilst with a baffle 2 ft. 6 in. 
square the turning-point is 300 

The corresponding values of are 2-8 ft. and 1-86 ft., respectively. 
Neglecting the baffle being square instead of circular, the 4 ft. baffle 
corresponds to 2d = 2*8 ft. and the 2 ft. 6 in. baffle to 2d = 1*86 ft. 
On the average, therefore, it appears that between 200 ~ and 300 ~ 
the equivalent separation of two simple sources is about 0*7 times 
the side of the baffle. From a practical viewq)oint the difference in 
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ioudnesB-level, when 2d or is taken as the side of the baffle, is 
not very serions at low frequencies. Thus, where economy is desirable,' 
a satisfactory working rule is to make the side of a square baffle not 
less than one-half of the lowest wave-length to be adequately repro¬ 
duced. When it is desired to reach 50 adequately, a hole in the 
wall is the best solution. The speaker then does double duty and 
serves two rooms at once, although this may not always be desirable. 
If the radiation from the rear of the diaphragm is discharged into 
an enclosure of small volume, care must be exercised to avoid 
resonances. 

Reverting to (92), when 21cd ^ 1, as it will be at very low fre¬ 


quencies. 


sin 2^ 
~21cd 


4= § W 


and the power radiated is 

p _ 

Svc* ’ 


(93) 


which is identical with (85), since = 2Sd. Assuming d is much 
greater than the radius of the diaphragm, the power at a given fre¬ 
quency increases as the square of the side of the baffle, provided the 
diaphragm amplitude is constant. In practice, owing to the finite 
size of the diaphragm it may increase more rapidly than this for 
small baffles, which seems to be borne out by Fig. 118. The ratio 
of the squares of the baffle-sides in Fig. 118 is 2-56, whereas the 
power ratio is 5. 

Although (93) is inapplicable when d = o, it then reduces to the 
formula for the power radiated by an axially vibrating sphere of 
radius a provided S = 7 ra*a»^. 


22. Influence of inflnite baffle on power radiated [121b] when 
driving force is constant 

Hitherto we have considered the effect of increasing the size of baffle 
when the diaphragm amplitude is maintained constant. We now 
proceed to examine the increase in power when the force is constant 
and the baffle is made infinite. 

At low frequencies the power radiated from a rigid disk without 
a baffle is, from (90), 

_ 16 

277r c» ’ 


( 94 ) 
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and from both sides with an infinite baffle it is [from (72)] 

p = 

c 


[II. 22 

(95) 


We have now to express P' and P in terms of a constant driving 
force /. Assuming the acoustic load to be negligible, we can write 
/ = mgf' = so that 


A _ JL = _/ 

® com'(l+j8)* 


(96) 


where and jS' = mjm[. 

P 


Thus 


and 


^'2 ^ 
bo — 

P = 
bo 


a)%n;2(l+j3')2 

P 


without the baffle, 
with the baffle. 


(97) 


Inserting the values of and il in (94), (95), and remembering that 
for an infinite baffle at low frequencies* [3 a] is 2m', we obtain 
the ratio 


P 

P- 


' - 277rV l\Vl+i8Y 
^”"64 [ka) [l+^l^ 


(98) 


provided ka ^ 0'5. Taking a = 10 cm. radius, / = 50 j8 = 3*4, 
j3' = 1-7 the ratio in (98) is 130/1. Thus the use of an infinite baffle 
at 50 ~ would raise the level 21 decibels. From a practical view¬ 
point this must be interpreted in the proper manner. Since the 
radiation from one side of the disk is excluded by the baffle, the 
power diffused in, say, a ‘dead’ room would only be one-half that 
given by the formula. The above ratio would be 65/1 and the intensity- 
level 18 decibels above that for the baffleless disk in the centre of 
the dead room. Here again it must be recognized that although the 
general power-level is raised 18 decibels, the distribution from the 
baffleless disk is focused and concentrated on the axis. Moreover, at 
an axial point, say 8 to 10 radii distant from the disk, the infiuence 
of the baffle would be less than that computed above. 

When the driving force is fixed [121 b], we can also compare an 
unbaffled axially vibrating sphere with the baffled rigid disk. Thus, 


P, s\ka)\l+pj’ 


( 99 ) 


* Sec p. 57 just prior to Method 2. 
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mass of sphere 
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Ps 


mu 


of sphere 

and ij is the power radiated by the sphere. 

Assuming the natural masses of the disk and sphere to be equal, 
the result in (99) is several times less than that in (98). At high 
frequencies, when ha is large (> 3), considerable focusing occurs, the 
wave propagation is sensibly plane, and the influence of a baffle is 
comparatively slight. Taking the above ratio under this condition 

we find P_3/^Wl+/3A*_3/m^.\ 3 

p-2\mj ' 2 ’ ' 

provided and ha > 3*0, since and then tend to zero. 

The ratio in (100) is about 1 per cent, of the value deduced from (99) 
at 60 

23. Acoustical images 

The use of optical and electrical images is so familiar that extension 
of the principle to acoustics is almost 
self-evident. Suppose we have a 
simple source situated in front of 
and close to a very extensive flat 
wall whose absorption coefficient is 
zero, as shown in Fig. 10. The effect 
of reflection can be simulated by 
an image source of identical phase 
and strength situated on the per¬ 
pendicular and distant d from the 
wall. The analytical procedure is 
very simple. The velocity potential 
at any point distant r from a simple source is, by (63), ^ = Sc’“^*^/47rr. 
Thus the velocity potential at due to the source and its image 
is (Fig. 10) jg ^-ikri\ 

«A = ^:r—+\.J- (101) 



Ima^e 


47r| rj 

When both rj and > d, (101) can be written 




477r 


(C 


,ikd COS d 


+e' 


-ikd COS 




2wr 


cos(Mcos0), 


( 102 ) 
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the distance phase factor having been dropped. Since varies 
with 0, it is clear that the wall, so to speak, endows the source 
with directional properties. When ihf cosd = ^(2»-f-l)7r the pressure 
vanishes, whilst for kd ooaO = nit it is a maximum, n being any 
positive integer. As the source approaches the wall the directional 
characteristic fades away until when d = 0, ^ = Sj2irr, which is 
double the velocity potential due to a simple source in the open. 
This follows from the fact that the source discharges into a solid 
angle of 2it instead of 4 jt, the open-space value. 

In modem acoustical problems associated with reflection in damped 
enclosures, there is appreciable absorption at the boundaries. The 
strength of the image source then becomes (1—Og)*Se-^*®'/4wr for a 
single flat wall, where is the absorption coefficient of the wall (see 
definition 12). Then we have 

Cg-tAy 

(f>— ^ 103 ) 

where b = (1—oji. 

Thus 1^1 = A((i-|-62)-f-26cos(2j5-dcos0)}l, (104) 

4777* 

the exponential being omitted. If o, = 0, (104) reduces to (102), 
whilst if a, = 1, complete absorption occxirs and <f) has its free-space 
value Sjiirr. 


24 . Power radiated by simple source near flat wall 

Prom formula (2), Chap. VI, this is 

F = f pHmddd, 

Poc J 


the radiation being into one-half of infinite space, i.e. one side of 
the wall. Since p = ipow^, we obtain, on substitution from (102) 
in the above formula. 


PoCo^S^ 

27rc{kd) 

47rC 


J cos2{A;dcos^) d{kdcosd) 


Pq <x)^S^ ’ j sin 21cd'\ 

4ttc 2kd J 


( 105 ) 



POWER RADIATED BY SIMPLE SOURCE 




n.24] POWER RADIATED BY SIMPLE SOURCE 

When the wall is absent d = oo and P = pow^S^Jinc, which is identi¬ 
cal with the radiation from a simple source in free space. If the 
source is very near the wall,* P = Pqco^S^J2itc, hence the output is 
doubled. This latter value is identical with the output from one side 
of a rigid disk in an infinite plane when the propagation is spherical 
(Chap. II, § 16, S = 

25. Reflection from wall when bafile is used 

The use of one wall of a room, having a hole for the speaker, thereby 

constituting in effect an infinite baffle, is generally frowned upon in 

domestic circles. Consequently, when a baffle is employed, the speaker 

is placed near a wall indis- p 

criminately. The wall reflects ^ 

the waves (of opposite sign) ^ 

from, the rear of the dia- / 

phragm to the front, so the / 

power output and the spatial \ / \ / 

distribution are modified ac- i^-—zd—^ 

cordingly. If the speaker is "" 33 * | 

set across a comer, with the ^ 

baffle near the two walls, a 

resonant cavity is formed, and 

the output over a certain frequency range may be augmented, 
whereas over another range it may be reduced owing to reflection. 
As the speaker is withdrawn from the comer, its lower register 
appears to decay due to reduction in resonance. Provided attention 
is conflned to a large flat wall in free space, and the baffle is of 
moderate size, the problem is amenable to analytical treatment by 
aid of the principle of acoustical images (§ 23). The equivalent 
arrangement of simple sources is shown schematically in Kg. 11. 
When r > id+2x the velocity potential at is 
c 

^ j Q^^ik(r4-xQOS0) _ Q-~ik[r-{2d+x)QOBd _g-tfc[r-|-(2d+a;)co8^ 

^ ( 106 ) 


ngncgr 

diaphragm diaphragm 


Fig. 11 




(cos 2 —cos mz), 


where z = ^ cos 0 and m = {1-f (2d/a:)}, 6 being the angular distance 


sin 2kd 

0, so-1. 

2kd 
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from to the intersection of the wall and the line of sources. The 
radiation characteristic can be plotted from (107), and a repre¬ 
sentative example is given in Fig. 12, curve 2. For comparison the 
characteristic without the wall is shown in curve 1. 



Fia. 12. Curves showing effect of wall in modifying 
the low-frequency sound distribution from a loud 
speaker with a flat baffle. 

sins = sin(Mcos^) == kdcoaO; for cos 2 —cos42, see (107). 


26. Power radiated using baffle near flat wall 

Proceeding on the same lines as in § 21, the power radiated is 

kx 

P == J (cos%—2cos2;cosm2; + Goshnz) dz, 

0 


since 


—sin 6 dB — 


d(tecos0) 

kx 


dz 

to’ 


(108) 


and the limits of d are 0 to Itt, the wall reducing the solid angle 
to 277. 

Integrating (108) and inserting the limits, we find 

p _ sin2to sin2ib(a;+2d) rsin2fcd! sin2Z:(d+ir)11 

4770 I 2to 2k(x-{’2d) [ 2k{d-\-x) Jj* 

(109) 

When the baffle is removed and d == 0 as a consequence, the power 
is zero, owing to complete interference, since we postulate small 
sources. If a; = oo, the speaker is well removed from the wall, and 

which is identical with (92), § 21, as we should expect. If x is small 
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compared with d, 

p _ pco^S^fS lsin4fcd 2am2M\ . . 

"2nc \2'^2'~4M 

The influence of the wall in the proximity of the speaker is found 
on comparison of (110) and (111), which is exhibited in Fig. 9. 
The maximum effect of the wall occurs when 2M = 4-18, the power 
then being 1*63 times its free-space value. At lower frequencies 
a point is reached when wall reflection becomes injurious due to 
enhanced interference between the two sides of the diaphragm. The 
analysis shows that the influence of a wall is to augment the lower 
register for wave-lengths less than 27rd, provided the speaker is near 
enough, but not sufficiently close to introduce effects beyond the 
scope of the hypothesis on which the formula is based. 

Since {1—(sin2M/2M)} is substantially unity when 2kd > tt, it 
follows that the influence of the wall is then represented by 

p i /sin 4M\ 2 "^kdX 1 

[2‘^2[ 4ifcd“/ [ 2k^ly 

In an ordinary room, owing to reflection, the above results will 
be modified. 

27. Mechanical impedance of spherical vibrators 

On the assumption that the vibrator is devoid of mass, we can 
establish a formula for the mechanical impedance per unit area of 
vibrating surface [121 b]. By definition 27, 

_ pressure _ p 

radial velocity u 

Thus z = (112) 

u 

where pressures due to the various harmonics. From 

(55) and the relationship p„ = ipo^<f>n we obtain 

Pn = = ipoC^'^nL- 

Thus the mechanical impedance per unit area is 

Z = ^ + + + (f 13 ) 

u 

only those harmonics which occur in the expansion of the radial 
velocity u being chosen. 
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(a) JRadially pulsating sphere. Here « = Mq = 
and If, — so the impedance per unit area is 

z = r+ix 


'ION [H. 27 

U = a, constant, 


,2"l~ 1 I -2 


\1H-2* ‘ l+Z*/ ' ' 

where z — ha. The real component of z is the acoustic radiation 
resistance per unit area, whilst the imaginary part is associated with 
the accession to inertia (see definition 29). At high frequencies, when 
lea is sufficiently large, the inertia component is neghgible and the 
impedance is 

The physical interpretation of (115) is that the impedance of the 
sphere is equal to that of the medium (see definition 20). 

(6) Eadially pulsating hemisphere. Here tt(, = \U-, % = 

^0 “ found from Tables 1, 2. Substi¬ 


tuting these values in (113) we obtain, for the spherical harmonics of 
zeroth and unit orders. 


_ PoC 






To attain a more accurate result when z is large, additional harmonics 
are required. It is seen from (116) that z varies with p, and at the 
pole (Fig. 3), where p=\,x exceeds pjC the resistance of the medium 
(definition 20) when z is large. The value of z from (116) is then 
approximately fp(,c. At the equator ju. = 0 and z = Inclusion 
of higher harmonics would augment z at the pole but not at the 
equator, since p is then zero. On the average the value of z over 
the surface approximates to the value p^c when z is large and higher 
harmonics are incorporated. Formulae (114) and (116) will be 
required to provide the values of simulating terminal impedances for 
horns of finite length in Chapter X (see definition 28). 
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FLUID PRESSURE ON VIBRATORS: ACCESSION 
TO INERTIA 

1. Pressure at any point on rigid disk"* vibrating in an infinite 
rigid plane [3 b] 

The velocity potential at a point P (Fig. 13) due to an elemental area 
dA vibrating axially with harmonic motion is, from (76), Chap. II, 



1 fi^ikR . 

^ = ^ ( 1 ) 

where R is the distance from P to dA, and = —d<f>ldn is the 
velocity of dA normal to the plane. From (31) Chap. II, 

d<j> . . 

P = == '^pQ^9y 

the time factor being inserted before and removed after differen¬ 
tiation. Thus from (1) 

= ( 2 ) 

To determine the pressure at any point on a vibrating rigid disk 
forming part of the plane, we have to apply formula (2) over the 
entire surface of the disk. Referring to Fig. 13, the pressure at P due 
to the elemental area R dRdO is 

dp = dRde. (3) 

27r R 


3837.3 


* See dofmition 47. 
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The total pressure at P due to the whole disk is, therefore 

dd^he-^^dR, (4) 

0 0 

since k = eo/c. 

The evaluation [3 b] of this integral is too extensive to be included 
here, so the result alone is given. 

The pressure at any point distant x from the centre (6 = xja) of the 
diskis 


P _ jpo^ j 


p = Pa+iPi (acoustic+inertia component in quadrature) 


where [3 b] 


^2=1 
gr, = 1+262 
= 1+662+36* 
gg = l+1262+186*+46« 

= 1+1862+ 666*+366«+68 


gt = F{-hhhb^) 

gz = F{-% h 1 . bWb^F{-h h 2 , 62 ) 

gs = F{-1, h 1,62)+562J’(-f. i 2,62)+f 6*^(-i 1 3,62) 

g7 = F(-l h 1.62)+f-62i;’(-|, 12, 62)+io56*l’(-f, i 3.62)+ 

+llb<^Fi-hi,4,b^) 

?9 = h 1.62)+1862J’(-|, h 2, b^)+ifb*F{~l i 3,62)+ 

+ifb^Fi-l h 4 , b^)+tklb'^F{-i, i, 6 , 62 ) 


The total pressure at any point on the disk consists of two com¬ 
ponents in quadratme: (a) the load 
component, associated with sound 
radiation, in phase with the velo- 
P' city of the disk, (6) the inertia com¬ 
ponent, associated with the flow of 
fluid in the neighbourhood of the 
disk, in phase quadrature with the 
velocity. The vector diagram illus¬ 
trating these relationships is shown in Fig. 14. If the disk were 



Fig. 14 
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massless its impedance per unit area at any point of radius x = ba 
would be 




2. Variation in pressure over the surface of rigid disk 

From (5) the acoustic pressure at any radius x is 

Pa ^ PoC^o{~5(1+26^)+^*(1+66’*+36*)- 
— ?^(1+126*+I8fe4+466)H- 

ol 

+ |^(1+1862+666H366«+6% (7) 

where b = xja. 

The portion of the series given in (7) can be used to evaluate for 
values of z (= ka) < 2*0.* For greater values of ka additional terms 
must be incorporated to secure accuracy [see 3 b]. 

The acoustic pressure variation over the surface for several values 
of z is portrayed graphically in Fig. 15, At low frequencies the pres¬ 
sure is constant, but the edge pressure diminishes relatively as ka 
increases. Beyond a certain point the central pressure decays and 
ultimately vanishes when ka = 27t or w/27r = 3,400 ~ for a disk 
10 cm. radius. Above this frequency it oscillates between zero and a 
constant maximum. 

The inertia component of the pressure calculated from the imagin¬ 
ary part of (5) is also plotted in Fig. 15. At the centre it is about three 
times the acoustic pressure when ka = 0-5, but falls away towards 
the edge. As ka increases, the acoustic pressure rises more rapidly 
than the inertia pressure, whilst at ka — 2-0 it is appreciably the 
greater of the two. 

The total pressure = p and its phase angle 6^ with the 

axial velocity are also shown in Fig, 16. Even at low frequencies the 
total pressure is not constant and falls towards the edge. To preserve 
constant pressure at small values of ka^ the velocity of the disk when 

* When ka — 2*0 the error using only 6 terms is about 1 per cent. In acoustical 
work this is negligible. 



52 


FLUID PRESSURE ON VIBRATORS 


[m.2 

flexible would have to increase with the radius ultimately becoming 
infinite at the edge. In fact for ha < 0-5 the velocity must vary as 
l/(a*—a;®)* to preserve uniform pressure over the surface. 

3. Total acoustic pressure on one side of rigid disk 

This is found by integrating the acoustic pressure given by (5) over 
the surface of the disk. Thus the total acoustic pressure or force 



Fig. 15. Curves showing acoustic and inertia pressure on the surface 
of a rigid disk vibrating in an infinite baffle, for various values of ka. 


associated with sound radiation is [3 b] 

a 1 

/„ = 277 J p^x dx = 2770® jp^b db, 

0 0 

where is given by (5). Substituting for in the integrand above 
we obtain 

1 

/„ = 27,«VoC^o J [|j6-|J(ft+26«)+|-'(6+663+36^)- 
0 

-|!(6+126®+1866+46’)+...] db 
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TOTAL ACOUSTIC PRESSURE 
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0 2 It r . 5z^ 212® 1 

= 2«o + 2 g, - 278, + -J 

= o cS _ 1 

Po So 1^2.4 2 . 42 . 6 "^2.42.62.8 2.42.62.82.10"’J 

= p,ci,A^l-i^j= p^dAG,, ( 8 ) 



Fig. 16. Curves showing the total pressure and the phase angle 
between it and the axial velocity of the ngid disk of Fig. 16. 


where 



The function is plotted in Fig. 17 [219]. 

This is identical with the value obtained by the late Lord Rayleigh 
[219] using an entirely different but less direct method. The inertia 
component of the pressure is found in like manner as shown in § 4 
below. 




(54) 


4. Accession to inertia (m^) 

The vibration of a body in a fluid is accompanied by two salient 
effects, (a) sound waves are propagated outwards, (6) a cyclically 
varying flow of fluid occurs in the neighbourhood of the body. To 
maintain this flow the driving force must include an inertia or watt¬ 
less component. If u is the normal velocity of an elemental surface 
area, the kinetic energy of the fluid associated therewith [216] is 
dT = where is termed the ‘accession to inertia’ [219]. The 



Fig. 17 

influence of this reactive component in the driving force is to increase 
the phase angle between the total pressure and the surface velocity, 
and, therefore, to reduce the power factor. 

If the body is a flexible circular disk centrally driven, the mass of 
fluid disturbed reduces the frequencies of the vibrational modes. The 
fundamental symmetrical centre-moving mode (one nodal circle) of 
a free edge aluminium disk, 10 cm. radius, 0*055 cm. thick occurs at 
120 ~ in air, but at 21*8 ~ in water. In the latter case the accession 
to inertia is ten times the natural mass of the disk, whereas in air it is 
only 1/800 of this value. 

Consider the vibration of a rigid circular disk along the axis X'OX as 
shown in Fig. 18 a. At an adequately high frequency the wave-length 
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is less than the radius of the disk. Owing to interferenee in the 
space beyond the disk, the radiation is propagated in beam formation 
(Chap. V, § 1). For simplicity imagine the beam to be a coaxial right 
cylinder of equal radius to the disk. There can then be no local flow 
of fluid in the vicinity of the disk. The air in contact with the disk is 
set in vibration, but it moves axially and does not spread ovii, i.e. there 
is no divergence from the source. Thus the inertia pressure on the 
disk is zero. The other pressure component being in phase with the 


(a) 



velocity is associated entirely with sound radiation. Similar reason¬ 
ing applies to a disk vibrating at one end of a very long cylindrical 
tube of the same radius, provided reflection from the open end is 
negligible. 

One case which invariably presents a little difficulty is that of a 
radially vibrating sphere. Owing to spherical symmetry, there appears 
to be no divergence of radiation from any particular part of the 
surface. Moreover, it seems to follow that local flow is absent and the 
accession to inertia is zero. It is easy to show the fallacy of this 
argument. Imagine AB (Fig. 18 b) to be a tiny portion of a radially 
pulsating sphere. This area controls the radiation within that part of 
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the solid angle SCI situated beyond the precincts of the sphere. In 
the absence of divergence, the radiation would be confined to the 
cylinder ABCD. In practice, however, the radiation diverges to fill 
the solid angle ABEF, so there must be local flow, and it follows that 
a radially pulsating sphere is not devoid of accession to inertia. 

There are two analytical methods of deriving for both of which 
a knowledge of the inertia component of the pressure (or the velocity 
potential) at any point on the surface is essential. If the normal 
velocity is identical everywhere, the total pressure, and hence m,-, is 
found by integrating over the surface. When the velocity is variable, 
the kinetic energy associated with each element must be integrated 
over the surface, and the result divided by half the square of the 
velocity of some selected point. This gives in terms of the velocity 
of the point chosen. 

It is usual to select the driving point, so that the reactance due to 

can be treated in the usual way. When, however, the edge velocity 
exceeds that at the centre, the former should bo chosen. 

Method 1, To illustrate the first method we shall find for a rigid 
circular disk vibrating in an infinite rigid plane. From (5) the inertia 
pressure at any point on the disk is, omitting the imaginary i, 

Pi = PoCfo[2^1-3j9'3 + ^?5-j- (9) 

The inertia pressure on an annulus of radius x and radial width dx 
is 2TTjp^xdXi so that the total inertia pressure on one face of the 
disk is „ 1 

27t PiXdx = 27Ta^ J p^b db, (10) 

0 0 

since b = x/a. 

To integrate the hypergeometric functions Qi, etc., the following 
integrals are required: 

J F((x,p,y,b^)b^y-^ db = ~F{(x,p,y+l,l), 

0 ' 
where y = 1,2,3, etc. 

J F{a,^,l,b^}b^db= l[F{<x,p,2,l)~lF{cc,^,3,l)}, 

0 

J F(cc,^, 2,62)66 dh - i{F{cc,^, 3, 4, 1)}. 

0 


( 11 ) 
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Having integrated (10) in terms of the hypergeometric functions on 
the right-hand side of (11), it is necessary to evaluate these by aid of 
Gauss’s formula r«/ \n/ o\ 

-p/ \p/ rtv- (1^) 

. r(y—a)r(y~^) 

The total inertia pressure on one side of the disk is then found 
to be [3 b] n.rAl(9x\3 (2 z)6 


fi 


pM(2z)^ 
fc® |lX3 1®.3®.6 

, »f 2z ( 22 )® 

Po<^ ^o|j2 3 1X32 r 


(2g) ^_I 

1®.3®.5®7 "I 

, (2z)®_j 


(13) 


.3®.5 1®.3®.5®. 

The series within the brackets is 2rHi(22)/42, where Hj is Struve’s 
function of unit order. Since mass = force/acceleration = the 

accession to inertia 

i, = (14) 


TYli 


CD 


CD 


where* Gg = Hj{2z)lz and (14) applies to one side of the disk only. 
At low frequencies when the infinite plane is removed, formula (14) 
gives for both sides of the disk, i.e. the infinite plane doubles m^. 
The function Gg [3 b, 219] is plotted in Fig. 17. 

Method 2. To illustrate the second method [1, 4] involving the 
kinetic energy of the fluid, we choose a flexible circular disk vibrating 
in an infinite rigid plane. For a disk whose d 3 naamic deformation 
curve (definition 37) isf ^ == fmax(f inertia pressure at any 

point thereon can be shown to be [4] 

Pi = l,6*) + |'pJ’(-t,i 1.6*)}. (16) 

provided the propagation is substantially spherical, i.e. ka ^ 0*5. 
The maximum kinetic energy of the fluid associated with an elemental 
area dA moving with normal velocity i is [216] 

dT = \pQ<j>iidA, (16) 

where <f>i is the inertia component of the velocity potential at the 
surface of the disk. Now from (31), Chap. II, p = pf^d<j>ldt, so intro¬ 
ducing the time factor e'"* and removing it after differentiation, 

Pi — ipo<o<f>i or (17) 

Pq(u 


* Alternatively m^ = 7rpoa*{Hi(22)/s*} = mass of a cylinder of air of radius a and 
height a{Hy{2z)lz^}. 

t In this section maximu7n values of the cyclically varying quantities f and are 
implied. 
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Inserting the value of <f>i from (17) in (16) we obtain 

2(0 

The kinetic energy associated with an annulus of radius x and width 
dx is —iTTpi^x dx = —iira^p^^h db^ since b = xja. Thus using the 
value of Pi from (15) the kinetic energy of the fluid associated with 



stationary 


Fig. 19. Diagram showing various forms of dynamic de¬ 
formation curve of the type ^ 


one side of the disk is 

T = I [(l-9)^i+ db. (18) 

0 

The upper limit of integration in (18) is 1 , since this is the value of 
6 when:r = a; also^i = i^(—J, 1,6^), andi ^2 = 

Performing the integration in (18) by aid of the integrals in ( 11 ) 
and using Gauss’s formula ( 12 ) to reduce the hypergeometric 
functions, we finally obtain [4] 

T = (19) 

In terms of the central velocity T == accession to 

inertia is ’ ( 20 ) 

for one side of the disk only. 

By allotting certain values to 9 , the value of for various dyna¬ 
mic deformation curves shown in Fig. 19 can be found. For a rigid 
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disk <p = 0 , SO which is identical with the value found 

from (14) when z < 0-5 (spherical propagation). When 9 = 2 , the 
disk vibrates with a nodal circle whose radius is a; = a/V2. The value 
of is then a® which is approximately 8-6 per cent, that of a rigid 
disk. The very large reduction in is due to the two equal areas on 
either side of the nodal circle vibrating in antiphase. By diflFeren- 
tiating (19) with respect to 9 the kinetic energy is found to be a 
minimum when 9 = 1-96. This is substantially the case of the nodal 
circle at r = a/V2. When 9 = 1 we obtain a iSrst approximation to 
a membrane in its gravest mode. Here for one side is O-SlSpoa* or 
about 0-305 that for a rigid disk. If 9 > 2 the edge amplitude exceeds 
that at the centre. The edge velocity is ^max(9~"l)> terms 

of this velocity ^ 3 

( 21 ) 

If in the expression i = fmax(l’~9^^) we make 9 ->oo but keep 
^max 9 fiuite, the case of a centre-stationary mode of vibration is 
obtained and ( 21 ) reduces to 

== ( 22 ) 

expressed in terms of the edge velocity. 

A slight modification of the preceding method can be applied to the 
case of a free-edge disk with a nodal diameter. In terms of the 
maximum edge velocity, for one side is x 5 />o«® which is precisely 
1^0 that for a rigid disk. 

5. Vibrators without a baffle [3 c] 

In practical speaker problems we are usually concerned with conical 
diaphragms. So far the conical shell has not yielded its secrets to the 
analyst, and it is, therefore, necessary to compromise. When a very 
large baffle is employed, formula (14) can be used. In the absence of 
a baffle and in cases where the loud speaker operates in a small 
cabinet, the problem must be attacked from a different standpoint. 
The only geometrical solid which lends itself readily to analytical 
treatment, and at the same time can be used as an approximation, is 
the sphere. By aid of spherical harmonic analysis the accession to 
inertia for various types of vibration (see Fig. 20 ) can be found 
[3 c] and some typical results are given in Table 4. The total accession 
to inertia is the sum of that due to the various harmonics in the 
expansion of the radial velocity. In general, two or three harmonics 
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give an adequately accurate result at low frequencies. Each harmonic 
component is associated with a frequency correction factor. That for 




Fig. 20 

(a) Sphere vibrating axially. 

Radial velocity u = Vfi, 

(h) One hemisphere vibrating axially, the other 
quiescent. 

u = Ufi from 0 to and u = 0 from {n to tt. 

(c) Two hemispheres vibrating axially in opposition. 
u — Ufi from 0 to Jtt, and u ~ — Ufi from Jtt to tt. 


a sphere vibrating axially [3 c, 219] is 


2+k^a^ 

4:+k^a^' 


which has been 


plotted in Fig. 21, It has a maximum value of 0*6 when ka is 0‘91. 
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Fig. 21 


Table 4 

Accession to inertia of various vibrators [3 c, 4] 


Type of vibrator 


1. Free-odge disk, with nodal 
diameter, in infinite rigid 
plane. 

2. Sphere vibrating radially. 

3. Sphere vibrating axially. 

4. Two hemispheres vibrating 
in opposition along their 
common axis. 

5. One hemisphere quiescent, 
the other vibrating radially. 


6. One hemisphere quiescent, 
the other vibrating axially. 


7. Sphere with n nodal circles 
passing through the poles. 


Dynamic deformation 
curve 


f = fo-cos0 
a 

a — radius 
u^U 

u = Vp — U cos 0 

u — U cos 0 from 
0 = 0 to iiT 
u = ~U cos 0 from 
0 — \tt to n 

u — U from 0 — 0 
to Jtt 

u = 0 from 0 — iir 
to Tt 

u = U cos 0 from 
0 — 0 to jir 
li — 0 from 0 — in 
to n 

u " U sin"0 sin nx 


Accession to inertia m^ 


1^00 when ka < 0*5 


4jrpo^ 


= 47rpoO*Jor 


l-l77/>oO* when ka < 0*5 


l*4l7rpo«® when ka < 0*5 


0A4npQ a® when ka < 0*5 


2»+i 




1.3...(2n+l) 

when ka < 0*6 
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For a sphere 10 cm. radius this corresponds to a frequency of 490 
As a first approximation this factor can be applied to rigid disks and 
conical shells for the same values of ha, when there is no ba£9e or 
when the latter is quite small compared with the wave-length. The 
value of m^ is found by multiplying the value for an infinite flat 
baflle by i.e. 

To simulate the effect of a large baffle two spherical caps at each 
end of a diameter can be taken, both vibrating in the same direction. 
More than three harmonics will be required for accuracy. 



IV 

VIBRATIONAL MODES* 


1. Circular disks 

Imagine a free-edge homogeneous loss-free circular disk in vdom 
driven centrally by an harmonic force. Since there is neither radia¬ 
tion nor transmission loss, the impedance at the driving point is 
wholly reactive. If the radial velocity of propagation is very high, so 
that the ratio 27rv^/a) is always very large, the time taken for energy 
to be transmitted from the centre to the edge will be small compared 
with the duration of a quarter cycle. Thus the disk behaves substan¬ 
tially as a rigid structure and in a practical sense it moves as a whole. 
For these conditions to be manifested at 3,000 a disk 10 cm. 
radius would have to be very thick and, therefore, unduly heavy. 
The amplitude and the sound radiation in air would be minute. 

In practical acoustics this condition does not occur, the radial 
velocity is relatively low and the disk does not move as a whole. 
Thus there is a progressive phase shift along any radius. The inherent 
forces are due to inertia and elasticity. The waves propagated 
radially outwards are of an elastic nature and suffer reflection at the 
edge, there being no energy loss in the ideal case. Starting at zero 
frequency the effective mass (see definition 33) of the disk as pre¬ 
sented to the driving mechanism is obviously its natural mass. As 
cu/27r increases, a point is reached when the reflected wave arrives at 
the centre in antiphase with the transmitted wave. Since no loss 
occurs, these waves are equal but opposite, and the disk vibrates 
with its centre stationary. The driving force 

/ = ojHq or = fhHoy 

and since f^ = 0 at the centre, the effective mass is infinite. The 
effective mass of a centrally-driven free-edge homogeneous circular 
disk at any frequency is given by [38] 

m = - _ _ 

* k{ U+0-116B+C 

where p — density of material; 
a = radius; 

* Only the symmetrical modes of disks, cones, etc., are considered here. 
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t — thickness (uniform); ^ = -77—jrt 

A Cz(h+di)-c^(bz->rdz) 


C _ ^2(^1 ^1 ( ^2"^^2) . ^ 

A ^ 2 (^ 1 ^^!) ^l(^2“f’^2) 

. ^ 2a-a) 


6.- 


k^a 

2 ( 1 ~c 7 ) 




Jx(k^a) 
61 = I^(Zrj^a) 


Frequency 
IS 32 64 128 ra 


kxd 

C2 = ^2 ~ “^0(^1®)* 

Using formula (1) the curves of Fig. 22 for a centrally driven 

aluminium disk 10 cm. radius, 0*0185 
cm. thick were computed [ 38 ]. Starting 
at zero frequency where and are 
identical, the former is constant up to 
= 1-2. Thereafter it rises rapidly 
until at = 1*9 it becomes infinite 
when the first centre-stationary mode 
occurs. An approximate analogy to this 
mode can be drawn from the impedance 
of a resistanceless parallel LC circuit 
[35 b]. The effective inductance is 
L^ — Lj(\—o}^LC), It increases from 
L at zero frequency to infinity at 
o)^LC = 1, where the‘centre-stationary’ 



Fig. 22. Effective mass curves 
of centrally driven free-edge 
aluminium disk, 10 cm. radius, 
0*0185 cm. thick. 


condition is simulated. In passing through the point 
io^LG =1 or m = V(1//>U), 


the phase changes abruptly by 180 °, i.e. it reverses. This also occurs 
in the disk case of Fig. 22 where m^= -f oo. The reactance at the 
driving point is then of an elastic nature, but infinite in magnitude, 
i.e. the effective dynamical stiffness is infinite and the compliance 
zero. Beyond this frequency (now negative) increases until at 
approximately k^a = 3*0 it is zero. The direct and reflected waves 
annul each other on a circle whose radius is 0*68a. This circle is 
therefore nodal and the portions of the disk on either side move in 
antiphase. Under these circumstances the elastic and inertia forces 
over the disk annihilate each other. Moreover, the effective mass is 
evanescent, and with a finite driving force the amplitude would tend 
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to be infinite! In practice, where vibration occurs in air, the impe¬ 
dance is purely resistive. The amplitude is fiiiite owing to radiation 
and transmission loss, whilst the frequencies of the vibrational modes 
are reduced due to fluid inertia. 

It is of interest to consider a simple way of ascertaining the radius 
of the first nodal circle on a free edge centrally driven disk of constant 
or variable thickness. Assume the dynamic deformation curve to be 
of the type f = fo(l—where 9 is a variable parameter. The 
condition to be fulfilled is that the integral of the momentum over 
the disk shall vanish, i.e. there must 
be as much negative as positive mo¬ 
mentum. Thus 

== 27 rio j pJl—(p^\x dx = 0 , 

( 2 ) 

where is the mass per imit area and 
f Q = oi^o is the axial velocity at a 
radius x. For a uniform disk is 
constant and we find the value 
9=2. At the nodal radius ^ = 0, 
so l’—{ 2 x^/a^) = 0 or x = a/V2, 
which is a fair approximation to the 
exact value 0-68a. 

Reverting to Fig. 22, as ou/ 27 r rises beyond the point where = 0, 
the latter increases and the former cycle of events is repeated ad in¬ 
finitum. The second frequency for which = 00 corresponds to 
one nodal circle and stationary centre (point circle), whilst the second 
frequency where = 0 gives two nodal circles of radii 0’39a and 
0 * 84 a. So long as the disk is homogeneous, the values of k^a corre¬ 
sponding to the centre-stationary and centre-moving modes of 
vibration are independent of size and material. The sha,pe of the 
aluminium disk at various frequencies is illustrated in Fig. 23 . 
These configurations hold for any disk provided the values of ki a 
are identical. 

Curves of like nature are obtained when the centre of the disk is 
removed and the resulting annulus is driven at its inner edge. When 
the outer edge of a centrally driven disk or an annulus is clami)ed, 
the driving mechanism is immobile at zero frequency, so the effective 

3837.3 fT, 



Fig. 23. Dynamic deformation 
curves of disk in Fig. 22 at 
various frequencies. 
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mace is negatively infinite. The curves take the form [38] illustrated 
in Fig. 22 from = 1*9 upwards. 


2. Flexible reeds 

The same arguments are applicable to flexible reeds [38] under 
various terminal or boundary conditions. For a simple cantilever reed 
clamped at one end and driven harmonically at the other [114 c] 

™ —Pi( l+cosh^jlcoslTal \ 


= -(- 
* 2 ^ 


1:2 \sinh I cos k^ 1—cosh k^ I sin k^ Ij 
where k\ = pitu*/?!; Pi = mass per unit length; I the moment of 

bdP 

inertia of a rectangular section = —; I — free length. 

12 

The effective mass curves are identical in form with those for a 
clamped-edge disk. 

When the reed is free at one end but clamped and driven at the 
other [38], ^ /cosh 1c21 sin Z+sinh 1 cos l\ .. v 

“ TX r+coshl^lcosj^Z /■ ^ ' 

The curves for this case correspond to those of Fig. 22 for a free 
edge disk. 


3s Conical shells 

The results in the preceding section indicate in a broad sense what is 
to be expected when conical and other shells, symmetrical about 
a polar axis, are driven. At the same time it must be recognized 
that these ‘driven’ frequencies, where modes occur, correspond 
to the natural frequencies when the vibrator is impulsed in vacuo. 
Whereas disks lend themselves so readily to mathematical analysis, 
conical shells have so far been recalcitrant to the inquisition of the 
mathematician. It is impossible, therefore, to present hypothetical 
curves exhibiting the effective mass of a conical shell driven in vacuo. 
In a subsequent chapter, however, it will be shown that curves of 
a somewhat similar nature to those for disks have been obtained 
empirically, using conical shells. The vibrational frequencies are not 
separated by wide frequency intervals as in the case of the equivalent 
flat disk. Fortunately for purposes of sound reproduction they occur 
in cluster formation (see Chap. XVIII). 


4. Reed-driven circular disks 

When a cantilever or other class of reed is used to drive a circular 
disk the system is complex and its vibrational frequencies differ from 
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those of either constituent [114 a, c]. If ftnd represent, respec¬ 
tively, the effective mass of the disk and reed referred to their junction 
point, the centre-moving vibrational frequencies of the combination 
occur when the effective mass at the driving point vanishes, i.e. 
m^+m^ == 0. The frequencies in question are, therefore, found by 
adding the expressions for and m,., as given above, and solving 
for k^a. Preferably they are found graphically by plotting the disk 
and reed curves using the same axes and inverting the ordinates of 



Fig. 24. Effective mass-frequency curves for finding 
vibrational frequencies of a reed-driven disk. 


one, e.g. the reed curve. The points of intersection i\, P^, etc. are the 

»,+».= 0 . 


The condition for stationary centre modes is = °0- This 

is satisfied at any asymptote of or m,.. These statements are 
illustrated graphically in Fig. 24. The second as}anptote for the reed 
occurs at the same frequency as = 0 for the disk and a stationary- 
centre mode ensues. 

Provided the first frequency of the combination is well below the 
first mode of the reed for which m, = 0, the system can be treated 
as a disk driven by a simple helical spring. If « is the stiffness of 
the reed at its point of attachment to the disk, under the above 
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condition s = <o*(me+mo), where is the effective mass of the disk 
to which is added a small portion for the reed.* By plotting 
OTo}, the point of intersection with the disk curve gives 
the fundamental vibrational frequency of the combination. 

5. Reed-driven conical shells 

If the effective mass curves of the shell could be computed, the treat¬ 
ment would be similar to that for reed-driven disks. As this cannot be 



Fig. 25. Effective mass-frequency curves for 
finding vibrational frequencie.s of reed-driven 
cone. 


done, the procedure is to determine for the shell experimentally, as 
shown in Chapter XVI. The cone should have its usual complement 
of nuts and connecting rod for attachment to the reed. There are 
two principal cases to be considered, (a) reed frequency low, (6) reed 
frequency high. In Fig. 25 curve 1 is for a conical shell, whilst 
2 and 3 relate respectively to reeds having fundamental frequencies 
of 300 ~ and 3,000 Owing to diaphragm transmission loss, the 

curve is akin to a damped sine wave oscillation. Even at low 
frequencies the effective mass is not outstandingly high. Conse¬ 
quently the 3,000 ~ reed curve does not intersect the diaphragm 
curve at low frequencies but passes above it. This entails a reduced 

* If coq/^tt is the fundamental reed frequency when unloaded, 
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amplitude at the frequency where, but for the absence of loss, inter¬ 
section would occur. The effective mass on the reed is the difference 
in the ordinates of curves ( 2 ) and (3). At 100 ~ it is very large indeed, 
so the amplitude and, therefore, the sound output are insignificant. 
As a>/27r rises the effective mass falls until from 650 to 1,000 it is 
relatively small. A minimum value occurs between these frequencies. 
The mechanical impedance is also a minimum somewhere within this 
range. Thus rjz^ has a maximum value; so also has the output. 
Considered on a decibel basis the output will be fairly constant over 
the above range. The two curves intersect at and Pg and these 
points correspond to vibrational modes where the output will be 
greatest. The 3,000 ~ reed curve intersects the curve for another 
diaphragm, a portion of which is shown dotted. In this case there 
will be vibrational modes at P 4 and P 5 . 

The low-frequency reed curve ( 2 ) intersects the diaphragm curve 
( 1 ) at about 50 where a prominent mode occurs. If the remainder 
of the reed curves are plotted as in Fig. 24, there may be intersec¬ 
tions at higher frequencies. In all cases the diaphragm impedance 
is solely resistive where the curves intersect, i.e. it is = 2 ^. 

6. Centring devices 

In hornless moving-coil speakers it is customary to provide a centring 
device to preserve axial motion of the coil, thereby eliminating wobble 
and ultimate damage due to the coil rubbing on the magnet. This 
device takes various forms, some of which are shown in Fig. 26. 
Although the theoretical curves might be difficult to determine 
rigorously by analytical methods, it is easy to see that the principles 
enunciated above and illustrated graphically are applicable here. The 
lowest frequency of a conical diaphragm on a centring device depends 
upon the stiffness of the latter. For good reproduction it should be 
less than 30 Up to 200 ~ a hornless speaker diaphragm can be 
taken to move as a whole, so Suppose the curves of 

Fig. 22 represent of the centring device driven at its point of 
attachment to the coil, there being no loss. If the effective mass of 
the diaphragm is set off below the horizontal axis, the vibrational 
frequencies correspond to the points of intersection of the two sets 
of curves. In practice loss occurs and the fundamental vibration 
is the most powerful. It must not be assumed, however, without 
experimental evidence that because the fundamental is inaudible, 
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the higher modes of the combination in the lower register are not of 
importance. 



Limb oF device bolted 
to ring with spacing 
washers between 


Outer securing ring 


Hole For bolting 
ring to magnet 

Moving coil 





Fig. 26. Diagram illustrating tliree centring devices for moving- 
coil loud speakers. 


7. Flexible annular surround 

Consider the system shown diagrammatically in Fig. 27 a. The 
conical shell is supported on an annular surround and the driving 
coil has no centring device. There are three principal low frequencies 
of vibration [114 a]: (a) the diaphragm vibrates axially as a whole on 
the surround, the system being akin to a mass and helical spring, (6) 
the diaphragm vibrates transversely (side to side) under the surround 
constraint, this being a form of wobble, (c) the surround itself vibrates 
as an annular membrane. The problem before us is to determine 
each frequency. The only case which presents difficulty is (6). To 
bring the whole problem within the scope of simple analysis the 
following artifice is adopted. 

In Fig. 27 B is a rigid rectangular block representing the dia¬ 
phragm, whilst the annular surround is simulated by rectangular 
membranes above and below the block. Provided m„ is much greater 
than the mass of the two membranes 



( 5 ) 






(b) 



Fig. 27. Diagrams illustrating three forms of oscillation 
in a moving-coil system. 


Knowing for the conical diaphragm on its surround, also the 
values of and nif (7) is used to calculate the frequency of 

the wobble. In general it is about twice the frequency obtained 
from (6). 

The fundamental frequency of the surround vibrating as an 
annular membrane can be estimated approximately by supposing it 
to act in the same manner as a stretched string [114 a]. Then 



(8) 
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== effective mass of surround including 
T = totoZ radial tension at inner circumference = 27thx\ 
I = radial width of surround. 


From Fig. 27 b we have, for small displacements, 
Axial force = = 5^, 

or T = si, 

X 

which on substitution in (8) yields 

/ ^ 

073 = 77 /-. 


(9) 


Although this result is adequate for most practical requirements 
below 200 the method is not rigorous. The complete solution is 
given in a later section, where it is shown that in hornless speakers 
the higher modes follow the sequence 2 , 3, 4, etc. Thus if the funda¬ 
mental is found from (9) the overtones are obtained by multiplication. 
In practice, the radial tension is not always constant round the peri¬ 
phery of the membrane. This broadens the fundamental resonance 
band and mitigates its severity. 

The ratio of the surroimd frequency to that of the diaphragm 
moving axially on the surround is from (5) and (9) 


071 



( 10 ) 


where is the effective mass of the diaphragm and a portion of the 
surround including the appropriate accession to inertia. 

The addition of a centring device eliminates the wobble or renders 
it innocuous. The main axial frequency is now increased due to the 
additional constraint. If the centring device imposes a constraint 
the new frequency of the diaphragm is 



/«+3. 

V 

(11) 

070 

—? = TT i 

1 

(12) 

<x>[ yj 



provided the diaphragm vibrates as a rigid structure, s and being 
of the same order of magnitude. When this is not so, the procedure 
is that given in § 13. 



(73) 

8. Air chamber due to re-entrant cone 

When a conical diaphragm has a re-entrant cone at the vertex, as 
shown in Fig. 28 a, and there is little clearance between the coil and 
centre pin of the magnet, the air-chamber so formed may cause 
resonance. The electrical analogue of the mechanical system is 
shown in Fig. 28 b. The inductance simulates the effective mass of 
the diaphragm with respect to the chamber, the condenser represents 



L 2 diaphragm 



Leakage 


(b) 


the compliance or reciprocal of the chamber stiffness, whilst the 
resistance is equivalent to the effect of air leakage between coil and 
magnet. 

Neglecting the influence of leakage, the vibrational frequency is 

JlC^ Jm^ 

We have now to find s the chamber stiffness in the absence of air 
leakage. 

Using the adiabatic gas law pF^ = const, we have on differentiating 
both sides with respect to the amplitude 


( 14 ) 
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Multiplying by A/W, where A is the circular area within the coil- 
former, we get ypA8V _ A8p 

V ‘ 


(15) 


The quantity on the right in (15) represents the force per unit dis¬ 
placement, i.e. «. The negative sign signifies that the pressure in the 
chamber increases as f decreases, i.e. the slope of the dynamical 
characteristic is negative. Now the change in volume ia dV = A d^, 
which on substitution in the left side of (16) gives 


V 


(16) 


since po is the normal atmospheric pressure. 


From (13) and (16) 



(17) 


This formula is unsuitable for finding the frequency due to the re¬ 
entrant cone, since m* varies with frequency as shown in Chapter XVI, 
so we have to resort to a graphical procedure. The effective 
mass-frequency curve of the diaphragm is obtained experimentally 
with the re-entrant cone decapitated to render it innocuous, i.e. 
s — 0: nig = is plotted using the same coordinate axes. The 
points where the curves intersect give the vibrational frequencies. 
Taking a numerical example with practical values, let .4 = 20 cm.®, 
F = 40 cm.®, p„ = 10* d 3 mes cm.-®, we obtain s == 1-41 x 10^ dynes 
1‘4X 10^ 

cm.-i. Thus nig = - - — from which the data in Table 5 were 

<o^ 


compiled. 


Table 5 


affective mass 
m. (gm.) 

Resonant 'reguency 

1 (~) 

140 

1 50 

35 

100 

0-35 

j 1,000 

0-085 

2,000 


Consider the effective mass curve (2) of Kg. 111. If the data in 
Table 6 were plotted on the same coordinate axes, the curves would 
intersect just above 100 ^ and again above 1,500 The magni¬ 
tude of the acoustical effect in both cases depends upon the air 
leakage. At 100 the leak is much greater than that above 1,600 
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Consequently unless the clearance is small the low resonance will 
be insignificant. At the higher frequencies it is sometimes quite pro¬ 
minent as shown in curve 1, Fig. 136. This graphical procedure is 
approximate since the stiffness of the chamber may, in turn, infiuence 
the effective mass of the diaphragm. 

9. Composite vibration of coil, coil former,* and diaphragm 

This trio constitutes a complex vibrational system whose properties 
it is now proposed to examine analytically. In a rigorous sense the 
mechanical system is represented by the analogous electrical circuit 
of Fig. 29 A. The driving coil is replaced by a fixed inductance at the 



sending end of a short uniform transmission line representing the 
cylindrical former, the termination being an effective inductance 
which can be positive, negative, or zero, thereby simulating the 
effective mass of the diaphragm as presented to the coil former. This 
circuit can easily be analysed by aid of well-known electrical trans¬ 
mission line formulae. The coil former in practice is very short, the 
transmission time Ij^Jiqlp) being of the order to sec., so the 
application of transmission formulae to such a simple problem would 
be like using a steam-hammer to crack a nut. An approximately 
analogous circuit is sketched in Fig. 29 b in which ^ the mass of the 
free length of the former is added to that of the coil. If we imagine 

* This is the neck or unwound portion of the cylindrical former between coil and 
diaphragm. 
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the alternator to be short-circuited, the natural frequency of the 
remainder is nr—— 

since the inductance of L and Lg in parallel is LLJ{L-\-Lg). Trans¬ 
forming (18) to its mechanical analogue, we get 


V [ mgtn'g I ’ 


where s — stifFness of coil former = qA fl, A = section, I = length, 
nig = mass of coil + J mass of free length of former, 
m' = effective mass solely due to diaphragm. 

When the effective mass is infinite we have from (19), dividing above 
and below by V(m;), a, = V(«K). (19a) 


This gives the fundamental frequency of the coil on the unwound 
length of the coil former when the diaphragm end is immobile, and 
will be recognized as a simple mass and helical spring formula. 

Reverting to (19), since varies with frequency, an indeterminate 
condition obtains, and as it stands the formula is useless for finding 
the natural modes of the system. By transposition (19) can be 


written _ 

YY! z=i _ 

* {(c.%l»-l}- 


( 20 ) 


For a given coil and former (20) gives the effective mass of the 
diaphragm required for resonance at any specified value of co. Con¬ 
sequently if ?n' from (20) and m' for the diaphragm (usually found by 
experiment) are plotted using the same coordinate axes, the points of 
intersection satisfy (20). Thus the abscissae of these points give the 
vibrational frequencies of the system. For an average case s is of the 
order 10® to 10^® dynes cm.“^, whilst varies from 2*5 to 6-5 gm. 
which means that up to at least 6,000 ~ m' = —Thus for 
resonance to occur between 0 and 6,000 ~ the effective diaphragm 
mass must be negative and numerically equal to that of the coil plus 
one-third of the free former length. 

The graph of (20) is shown by the full line curve in Fig. 30. The 
effective mass is infinite when whnjs—l — 0 or a> = which 

is identical with (19 a) if the diaphragm end of the former is fixed. 
The dotted line curve in Fig. 30 represents the effective mass of a 
diaphragm, apart from that of the coil and former, which was sub- 
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tracted. The intersections with the full line curve give the vibrational 
modes of the system. The effective mass of the diaphragm is quite 
small beyond 3,500 and there are no vibrational modes at higher 
audible frequencies, since the curves do not intersect. It follows, 
therefore, that if the vibrational frequency of the coil on the former, 
when the diaphragm end is clamped, is adequately high, there is no 
combined longitudinal oscillation of the system during sound repro¬ 
duction. 



Fig. 30 

Before leaving this subject it is of interest to note that if the 
connexion between the former and diaphragm be of a flexible nature, 
the asymptote in Fig. 30 will occur at say 1,500 Thus up to 
1,400 ~ the reproduction will be fairly normal resonance probably 
occurring in the neighbourhood of 1,500 ~ (according to the effective 
mass curve of the diaphragm). Above 1,500 ~ the full line curve lies 
well above the diaphragm curve, so the combined effective mass is 
large. Consequently the amplitude is appreciably reduced and the 
upper register lost. It is easy to corroborate this by experiment. 

In the solution of vibrational problems under review two salient 
methods are employed, (a) electrical analogue, (6) effective mass. 
Where the structure can be analysed into simple mass and stiffness 
components, or into an equivalent transmission line where the waves 
are lorigitvdirial, the electrical analogue is probably the simpler 
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process. But where the vibrations are flexural, as in a disk or reed, 
or transverse as in a membrane, the procedure is inapplicable and it 
is necessary to rely upon the effective mass method. Examples illus¬ 
trating the procedure in loud speaker design are given hereafter. 

10. Annular membrane loaded statically at inner radius 

Before treating the vibrational aspect of the subject it is well to 
deal with the mechanical and geometrical properties of a statically 
loaded membrane. A practical arrangement encountered in certain 
hornless speakers is illustrated in Fig. 31. A disk or a cloth cone 


I 



Fig. 31. Diagram illustrating forces on 
circular membrane. 


formed from a circular sector is held securely between two outer 
clamping rings and centrally loaded on a small central circle. A disk 
immediately assumes the shape of Fig. 31, whilst a cone of 90'' apical 
angle preserves a straight slant side. On treatment with a solution 
of celluloid in acetone or other suitable solvent, the astringent 
influence of the dope causes the cone to assume the form of Fig. 31. 
When dry the shape is maintained on removal of the load. 

To treat the problem analytically we shall deal with a perfectly 
elastic homogeneous circular membrane loaded as above. 

From Fig. 31 

2ttxx dx ’ 


( 21 ) 


where 2'rTXx is the total horizontal radial tension on the ring of 
radius x. 


SO 


( 22 ) 
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At the clamped edge x —a and | = 0, so the shape of the membrane 
isgivenby f . a 


If the centre is clamped on a ring of radius 6, 

. / I a 


(23) 


(24) 


*11. Symmetrical modes of circular membrane in vacuo [215] 
Referring to Fig. 31, consider an annulus of radius x and radial width 
dx. The force acting vertically is 


dx 



and for stability this must be equal to the accelerational force 
— 27ra; dx where is the mass of the membrane per unit area. 

Thus equating these two forces we obtain 


or 



(26) 


for harmonic motion. 

The diflFerential equation of the dynamical system, in the absence 
of radial modes of vibration, is, therefore. 


dx^^ xdx 




= 0. 


(26) 


Writing k\ = w^pi/x, and inserting this value in (26), we obtain 


dH 

dx^ 


+ l|+«^f = 0 . 


(27) 


The solution to this equation involves two kinds of Bessel functions 
both of zeroth order. Thus 


$ — -di Jo(^i2')"f"-6i Io(^i®)‘ {27 a) 

When a: = 0, = —oo, which does not fit our requirements, since 

f must be finite, so = 0. 

Thus ^ (28) 

is the desired solution. To find suppose the central amplitude of a 
steady oscillation in the absence of resistive loss to be ^q. Then 
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^ — io ^lien a: = 0, and since t^(0) = 1,Thus the dynamic 
deformation curve for the ideal loss-free state is given by the equation 

^ = ioMkix). (29) 

This curve is plotted in Fig. 32, the origin representing the centre of 
the diaphragm. At the clamped edge x — a and^ = 0, so Joik^a) = 0 
is a condition which must always be fulfilled. In the absence of a 
driving force, the diaphragm can only maintain harmonic vibration 
at one of its modes. These correspond to the values of k^a for which 
Joiki a) = 0, i.e. to the roots of the latter. We assume that the mem- 



Values oP X 

Fig. 32. Bessel functions of the first kind of zero and unit orders. 
In reading the text replace x by x. 


brane is caused to vibrate in one of its natural modes by an external 
agency. It is then left to continue the harmonic vibration with 
constant amplitude. At the first vibrational mode ^ 

(see Fig. 32) k,a = 0-766n = 2-4, 

SO the dynamic deformation is given, to a scale where the central 
amplitude is by the curve from k^x = 0 to = 0-76677. For 
the second mode k^a == Vldln so the shape includes the portion 
between this value and the origin. Thus the value kiX = 0-76677 now 
corresponds to the first nodal circle, since at the corresponding radius 

0*766 

^ = 0. The radius is therefore- a = 0-436a. The higher modes 

1-757 

can be treated in like manner. Beyond the first, there is an almost 
constant difference of 77 between consecutive roots. As a first approxi¬ 
mation the nth root is obtained from {k^a)^ = 77(7^—0-244). To test 
this let n = 5; then ka = 4-75677, whereas the more accurate [213] 
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value is 4'76 277r. The approximate formula is sufficiently accurate 
for practical purposes. 


12* Annular membrane in vacuo 

For the free vibrations the membrane is clamped at its outer and 


inner radii o, b. The boundary conditions being ^ = 
and a,t X = b, we have on substitution in (27 a) 

0 at « = a, 


(30) 

A^Jo{kib)+BiYo{k^b) = 0 . 

(31) 

For these equations to form a consistent system, the condition written 

determinantally is 


I^(i;j^a) _^ 

J^{k^b) Yoik^b) “ ’ 

(32) 

from which, on expansion, we get 


*^(^1 ~ fi* 

(33) 


The vibrational frequencies are found on solution of this equation 
for as follows [213, 213 b]. 

The «th root of Jo( 9 y)Yo(y)—My)Yo{<fy) = 0 , cp > 1, is given by 


i, = „+£+£=f-V“^2?±-"^+..., (34) 

m TV® 

where 

_ — 1 _ 100(93—1) _ — 34336(93—1) 

^ 9—1’ ^"""89’ ^ 3(89)3(9—1)’ ^ 5(89)3(9—1) 

9 =z= a/ 6 , 9 y = y = k^b, s = number of root ( 1 , 2 ,3,etc.). By 
way of example let a /6 = 15/12 = 1*25, a value suitable for the 
surround of a hornless speaker. To find the first root of (33) we have 
TV = 47 r, jp == — 0 * 1 , q = 0*127, r = —0*84. From (34) it is clear that 
the first root is substantially k^b = 4v, the higher roots being Stt, 
1277, and so on. If the frequency of the fundamental mode is 120 ~ 
(see Fig. 126), the higher values are 240 360 etc. Consequently 

in speakers where the width of the annular surround (a— 6 ) is a small 
fraction of the minor radius 6 , the vibrational modes follow the 
sequence of the first n natural numbers. 

We have now to determine the dynamic deformation curve of the 
annulus. Since it is clamped at both boundaries (a, 6 ) an arbitrary 
radius Xq must be selected and given an amplitude, say ^q. The 
necessary boundary conditions are f = 0 at x = a and x = 6 ; also 
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f at a; = Xq. Substituting these quantities in (27 a) we obtain 

t ^ t r 1 /Q5\ 

^o) J 

where x ^ h, b < a. 

13. ElBFective mass of annulus driven axially at inner radius 

When the annulus is driven harmonically at its inner radius by a 
diaphragm, as in the hornless moving-coil speaker, in the absence 
of loss the impedance at the driving ring is where is the 
effective mass. This can be positive, negative, or zero, according as 
the reaction is due to inertia, compliance (elasticity), or is evanescent. 
The latter condition corresponds to a vibrational mode of the driven 
annulus and the central amplitude increases without limit,* since the 
inertia and elastic forces over the membrane balance out. From (21) 
the axial force at any radius is / = —27rXT(d^ldx), To ascertain f, the 
conditions are ^ = 0 when x = a, and f -= when x ~ b. Inserting 
these in (27 a) the expression for the amplitude is 

r ^)5o(^i 1 j 






(36) 


(37) 


Jo(*i b)YQ(k^a)—jQ(k^a)YQ(kJ)) . 

Performing the differentiation d^jdx and inserting the result in the 
above formula, we obtain 

This force at a radius x is opposed by the accelerational component 
Equating this to (37) the effective mass at the inner radius 

^ _ 27r6/>irJ,(i;i6)lo(A’ia) /oov 

k, [Mk,b)Yo(k,a)-Mk,a)%^^^^^ ^ ^ 

since f when x — b, and x/co^ = Pi/*?- 
The natural vibrations occur when the denominator of (38) is zerof 
which makes rn^ infinite, since the inner radius is then immobile. This 
corresponds to the centre-stationary modes of a disk. At the centre- 
moving modes vanishes, and when the driving mechanism is 

massless, J^(k^b)Y,{k,a)-J,{k,a)Y,(k,b) = 0. (39) 

The values of k^ are found on solution of (39). Thus the effective 
mass curves of a membrane are somewhat similar to those of a disk. 
(See curve 1, Fig. 33 for illustration.) 

♦ Provided the driving mechanism is massless. I See also (33). 
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When the radius of the driving-ring vanishes, the effective mass can 
be found as a limiting case of (38). Thus when 6 -> 0, Ji{hib) 0, 
J^{ki 6) -> 1, Yi{ki b) Ji{ki b) log k^ b and Ygiki b) -> b) log kib. 
Substituting these values in (38) we find that when 6 -> 0, 

^ _ 27rpi ^ Ji(kb) _ ^ 

^ k, %(k,b) k, Jo(kf) • 



4 8 12 16 20 

k,a. 

Fig. 33. Effective mass curves of annular membrane 
and conical diaphragm. The points of intersection give 
the vibrational frequencies of the combination. 

From a physical aspect this is seen readily from Fig. 31 and expres¬ 
sion (23) where ^ = oo when x == 0. The total horizontal tension at 
any section is 27txt, When x vanishes, so also does the tension, so 
there is no restraint and theoretically the driving force causes the 
extension to approach an infinite value. 

Annular membranes are used in hornless speakers to support the 
diaphragm at its periphery. Experimental evidence indicates that 
the effective mass of a rubber* annulus imdergoes profound variation 
at the first vibrational mode (diaphragm all but stationary). Before 

♦ Leather is used in practice since rubber perishes. It cannot be regarded as 
‘elastic’. 
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resonance it becomes highly positive and thereafter negative as shown 
in Fig. 33 and in Fig. Ill, curve 2. This is in accordance with the 
theory given above. An approximate method of solving the problem of 
the diaphragm and its surround is given in § 7. We shall now deal with 
the matter more rigorously on the assumption that the membrane 
is not influenced by accession to inertia. Actually this is impossible 
unless the annulus is extremely heavy. Curve 1, Fig. 33 shows the 
effective mass of an annular surround driven at its inner radius. When 
k^a = 8-5, — 0, so that the driven mass is that of the diaphragm 

only. At k^a ~ 16, where in the present case a>/27r = 120 the 
annulus executes its first vibrational mode with its inner radius 
stationary (see also Fig. 126). In practice two cases arise, {a) a 
centring device is used to prevent wobble as explained in § 6; (b) the 
air-gap in the magnet of a speaker is large enough for the centring 
device to be omitted, or the axial constraint it imposes is negligible 
compared with that due to the surround. Taking (a) first, if s is the 
stiffness of the centring device of negligible mass, the effective mass 
of the system, assuming the diaphragm to move as a whole, is 
nig = The structure being rigid means that this is the 

value of nig when the diaphragm is driven by the coil or from the 
inner ring of the surround. Consequently, if the effective mass 
nig = m^—ajo}^ is plotted using the same coordinate axes as those for 
the membrane (inverted), the intersections represent the vibrational 
modes of the trio. This has been done in Fig. 33. is the vibrational 
frequency with the centring device in the absence of the surromid 
(30 ~), whilst Pg is the actual value (35 ~) with the surround. In 
practice there is transmission loss in and radiation from the mem¬ 
brane. To illustrate this, the probable shape of the membrane curve 
is shown dotted. The diaphragm curve 2 cuts the latter in two points 
Pg, P, close together, and these are associated with vibrational modes 
of the annulus per ae, as shown in Figs. 125,126. If s, the dynamical 
coefficient of the centring device, is replaced by that of a reed, the 
solution applies to a reed-driven cone with an annular surround (see 
Figs. 75 b and 76). 

In the absence of a centring device the diaphragm curve is indicated 
(^)* corresponds to vibration of the diaphragm as a whole on 
the surround, whilst are associated with vibrational frequencies 
of the latter as an annular membrane. They correspond to the points 
in Fig. 126 where curve 2 intersects the static inductance curve 
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between 100 and 150 The ratio of the mean frequency of to 
that of Pi is about "III, which agrees quite well with the value found 
experimentally. The diaphragm mass of 22 gm. includes its own 
accession to inertia, but not that of the surround. If curve 3 is lowered 
bodily about 7 gm. the accession to inertia due to the surroimd is 
taken into account. It is then assumed that is the accession 
to inertia for a diaphragm whose radius is the mean value for the 
surround. Obviously the vibrational frequencies alter but little. 
A similar procedure can be used for curve 2. 

The difference between the present method and the simple pro¬ 
cedure where the surround is treated as a pure constraint is due to 
inclusion of inertia effect which was ignored in the latter method. 
As the frequency rises, inertia becomes important owing to its inter¬ 
action with the elastic property of the surround. For example when 
k^a = 8*5 the effective mass of the surround is zero. When k^a just 
exceeds 8-5, is positive. This means that the mechanical impedance 
of the surround at its inner radius is not given by the simple formula 
= sjo). 

If the surroimd were devoid of mass, but retained its elasticity, the 
axial stiffness when driven from the inner radius would be from (24) 

» = Mo = 2wt loge|. (40) 

Although the analysis has been used to illustrate the behaviour of 
large conical diaphragms having annular surrounds, it can also be 
applied to the moving-coil horn speaker of Chapter XX. In this 
case the damping is high and the vibrational modes are not marked. 
The effective mass can be measured as described in Chapter XVI. 

14. Membrane driven by constant force per unit area 

This case approximates to the electrostatic speaker shown in Fig. 59. 
Assuming loss-free conditions in vacuo the equation of motion is 
obtained by aid of § 11. The force relationship is 


inertia+elastic = driving 



where f == f q per unit area. 

* The radial tension of the surround is not uniform, so there are two maxima 
instead of one as indicated in Fig. 33. 
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(42) 
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The motion being harmonic = —onH, hence (41) becomes 

f 

t’ 

where k\ — w^pilr. 

From § 11 the complementary function of (42) is f = AiJf,{kiX). To 
find a particular integral assume f = ^(t), this being a function of t but 
not of X. Then d^^jdx^ and d^jdx are both zero. On substitution in 
(42) we obtain 

f 


mt) = 


(43) 


The complete solution of (42) for our immediate purpose is therefore 




(44) 


At the clamped edge a; = a, | = 0 which on substitution in (44) gives 
the constant £ 

Using this value of in (44), the amplitude at any radius x is 


£ _ f r*4(^i^)_j1 


(45) 


By plotting x and ^ the shape of the diaphragm can be obtained. At 
all vibrational modes the driving force causes the amplitude to be 
infinite—^in theory—excepting at nodal circles and the clamped 
edge. If we imagine the driving force to be removed when the 
central amplitude is ^q, the shape of the diaphragm at a vibrational 
mode is given by ^ it remains imaltered as time 

progresses, provided no loss occurs. The frequencies of the modes 
and the radii of the nodal circles are identical with those in § 11. 
When Jo(kiX) = Joik^a) in (45) the amplitude is zero and a nodal 
circle occurs although the frequency may not correspond to a vibra¬ 
tional mode. Inspection of the curve for Jq shows that the necessary 
condition is that k^a shall exceed the value corresponding to the first 
minimum of Now Jq = so the condition is that k^a exceeds 
the first root of i.e. 3*83. 

Since f = the velocity at any point is 


3t j 


V 


(46) 



87 


IV. M] MEMBRAXE DRIVEN BY CONSTANT FORCE 
The impedance per unit area at any radius is 



-».4 1 


The effective mass per unit area 


(47) 


== ^ = Pi 

ict) Jo(kiZ)--jQ{kiay 


(48) 


At a vibrational mode Joik^a) = 0, so is evanescent provided 



Fig. 34. Effective mass curves of circular mem¬ 
brane driven by a force uniformly distributed over 
its surface, mjpi is calculated from (48). 


the system is free from loss. The effective mass is infinite when 
Joik^z) = jQ{k-^a), At frequencies below the first root of Ji{k^a) 
this can only happen at the clamped edge, but as shown above, 
there is more than one value for which J^{k^z) = Jfi{k^a) provided 
k^a> 3-83. Effective mass curves are plotted in Fig. 34, k^a having 
the value 10 at the clamped edge. 


15. Narrow rectangular strip membrane 
This type of membrane is used in the electrostatic speaker described 
in Chapter IX, § 8 and Chapter XIII, §11. Referring to Fig. 35, the 
membrane is supported at its sides, but not at its ends, so that there 
is no tension perpendicular to the paper. If t is the tension per unit 
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breadth, then from Fig. 35, ^ ~ or where is 

X vX uX 

the vertical component of the tension. The rate of change of x^ is 
and the change in this component is 

3x 3x 




(49) 



Fig. 35. Diagram illustrating construction 
of electrostatic speaker. 


The accelerational force on a rectangle of width dx and unit breadth is 


—p^dx 




(60) 


For equilibrium we have from (49) and (50) 

dx^ T 


(61) 


For harmonic motion the solution* of (51) complying with the con¬ 
dition 1 = 0 when a: = a, is 


. TVTTX 1 /t , I -r\ • »\ 

sm - — (A^ cos Q}t +sm wt)^ 

JLCb 


where 


( 62 ) 


* This means that the membrane executes one mode at a time. 
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From (63) the natural frequencies of the membraipie are given by 

TTU /t 

where n = 1,2,3, etc. 


( 63 ) 


16. Influence of accession to inertia in lowering frequency 

Hitherto the analysis has been based on vibration in vacuo. With 
heavy membranes, the accession to inertia in air is not very serious, 
but in certain cases with which we shall have to deal later, the funda¬ 
mental frequency may be lowered about 60 per cent, or so [1, 4 b]. 
Cases of this nature cannot, in general, be solved by rigorous methods, 
and we are driven to approximations or to experimental determina¬ 
tions. Assuming the dynamic deformation curve to be identical in 
air and in vacuo, the potential energy of the diaphragm is unaltered. 
Moreover, the kinetic energy alone is affected, and with it the fre¬ 
quency of vibration. The latter being inversely proportional to the 
square root of the total equivalent mass (see definition 34) it follows 


that 


where 


— = / ^ / 1 

Mq is the equivalent mass during vibration in vacuo, 
co/27r is the frequency in air. 


( 66 ) 


ajj27T is the frequency in vacuo. 


The accession to inertia is determined as shown in § 4, Chap. Ill, but 
the analysis is very protracted unless the distribution of radiation is 
spherical. To evaluate we proceed as follows: taking a dynamic 
deformation curve of the type | kinetic energy 

of an annulus of radius x and width dx is ^p^^^27rx dx, so the kinetic 
energy of the whole disk is 




xdx = 


( 66 ) 


Thus wig = <p+|<p 2 j_ When <p = 1 we obtain an approximation 

to a membrane vibrating in its gravest mode. The equivalent mass 
is then If the membrane vibrates in an infinite flat 

baffle and the sound propagation is spherical, = 1'6 /bo® (Chap. III). 
Thus = h5palpi. For a membrane of thin aluminium foil 

Pi = 4x 10-* gm. cm.~*, a — 20 cm. Taking for air at 20°C. as 
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l*2x 10~* gm. cm.~® at normal pressure, mjm^ = 9. Thus the ratio 
^ 0*32, which means that the accession to inertia causes 

a 68 per cent, reduction in the frequency of the gravest mode of the 
aluminium diaphragm. It is to be remarked that, so long as the 
sound distribution is uniform, this percentage is independent of the 
radial tension of the diaphragm, and, therefore, of the fundamental 
frequency. Taking with a small baffle at low frequencies to be one- 
half the above value, we find = 0-43. If the fundamental 

frequency in air were 130 that in vacuo would be about 300 
The calculations for higher vibrational modes are very complicated 
and need not be dealt with here. 


Table 5a 

Equivalent mass of various vibrators 


Type of vibrator 

Dynamic deformation 
curve 

Equivalent mass 

1. Circular membrane, radius a, in 
infinite baffie. 



2. Circular membrane, radius a, at 
vibrational mode in infinite baifie. 

if “ *) 

a) 

3. Free-edge disk with nodal circle at 
r = a/ 9 *, in infinite baffle. 

9 < 2 


4. Free-edge disk with stationary 
centre, in infinite baffle. 



5. Free-edge disk with p nodal dia¬ 
meters, in infinite baffle. 


mJ‘Z{p+l) 

\ 


17. Influence of radiation and transmission loss on dynamic 
deformation curve 

Hitherto our remarks have been based on ideal conditions where 
radiation and transmission loss are negligible. The influence of 
these is particularly noticeable in tracing nodal figures with sand 
on centrally-driven vibrating disks. When the central amplitude is 
small, but sufficient to cause a slow motion of the sand over the sur¬ 
face, the sand collects on a circle which appears to be at rest. If the 
amplitude is increased beyond a certain degree, the sand dances quite 
vigorously. During vibration without loss, the energy transmitted 
radially outwards from the centre is equal to that reflected inwards 
from the periphery. At a nodal position complete annulment occurs, 
provided the disk is homogeneous and adequately thin. 
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When loss occurs, the transmitted energy exceeds that refleicted, 
there is a relative phase shift of the direct and reflected waves, and 
complete neutralization cannot occur. Hence in practice, in fluid or 
in vacw)y nodal lines in a rigorous sense are non-existent [107 a]. So- 
called nodes are actually positions of minimum amplitude. In the 
ideal case parts of the disk on opposite sides of a nodal line move in 
antiphase. By measuring the maximum amplitude of the disk at 
different radii, the dynamic deformation curve can be fotmd. This 
shape is preserved at all parts of a cycle of the driving force although 
the amplitude at any radius varies harmonically. Radiation and loss 
cause a phase difference between the maximum amplitude at various 
radii. Hence if measurements of the maximum amplitude are made, 
the shape of the disk cannot be obtained, since it changes progres¬ 
sively throughout a cycle of the driving force. The shape at any epoch 
could be plotted if the phase were known at various radii. The nodal 
circles sweep from the centre to the periphery and back cyclically 
and are only nodal in a momentary sense. 

These remarks can be illustrated by reference to propagation of 
electric waves in a loaded cable earthed at the far end to simulate 
a free edge disk. The cable case is not strictly analogous to the disk. 
In the former the waves are longitudinal, whilst in the latter they 
are flexural and involve bending which has no electrical analogue. 
The current at a point in the cable corresponds to the amplitude of 
the disk at some radius. For xmit input voltage and unit charac¬ 
teristic impedance the current is 


j __ coshP(i—a;) 
“ sinhTZ ” 


(57) 


where P = propagation constant, I = length of cable, and x = dis¬ 
tance from the sending end. 

Using well-known identities (57) can be written 


7 — 

[ “ sinh^aZ+sin^aZ J ’ ^ ^ 

where ql = attenuation coefficient, == 27r/A the wave-length co¬ 
efficient, whilst the phase angle between voltage and current is 

tan“^[tanha(Z~“a;)tanj3(Z—a;)] — tan~^[coshaZ tanjSZ]. 

Since the denominator of (58) is constant for any value of x, it can 
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be omitted, so we consider the expression 

y =r [cosh.^(x{l—x)— Bin^P{l—x)]^ (69) 

In Fig. 36 a the horizontal dotted line represents cosh2a(i— a:) when 
there is neither resistance nor leakance (a = 0). Curve 2 corresponds 
to a > 0 when loss occurs, whilst curve 3 represents sin^j3(Z—a:), j3 
having an arbitrary value. The current distribution in the absence of 
loss in the cable is found by subtracting curves 1 and 3, the result 
being shown by the dotted line in Fig. 36 b. This corresponds to 
the amplitude of the disk at various radii. The diagram represents 
the maximum amplitude, not the shape during vibration, since all 
amplitudes are shown positive. The phase from 7 r/ 2 j 3 to 37 r/ 2 j 8 is 



Fig. 36. Diagrams illustrating the influence of transmission loss in 
transforming nodes into positions of minimum amplitude. 1 - 27 r/j 8 . 


opposite to that from 0 to 7r/2j8 and from 37r/2j8 to 27r/j8. Thus the 
current flows in opposite directions in these sections of the cable. 
The positions 7r/2j3 and 37r/2^ represent true nodes since there is no 
loss. The value of y (irrespective of phase which varies with x) when 
a > 0 is found by taking the difference between curves 2 and 3. This 
is shown by the full line curve of Fig. 36 b which, owing to phase shift 
of the current with x, is not an instantaneous picture of the cable 
current. Since loss occurs nodes are absent, so 7r/2j8 and 37r/2j3 are 
positions of minimum amplitude. 

Assuming the point corresponding to 37T/2j8 to be the centre of 
a vibrating disk and 27r/j8 its edge, the curve between the two illus¬ 
trates a centre-stationary vibrational mode. The curvature is of 
the wrong sign, but this is immaterial for our present pmpose. In the 
loss-free case the central amplitude of the disk is zero, whilst the 
whole disk vibrates in phase, the amplitude increasing with the radius. 
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Loss necessitates central motion to replenish the energy dissipated. 
Thus the centre is a position of minimum amplitude. If the centre 
of the disk is represented by the point w/jS and the edge by 2iT/j3, 
3ir/2j3 represents a nodal circle when a = 0, but a position of mini¬ 
mum amplitude when a > 0. This corresponds to the first centre- 
moving mode of vibration. With the point Tr/2j3 for centre, the second 
centre-stationary mode is simulated, and so on. 

It is well to realize, therefore, that if the vibrational amplitude 
of a diaphragm under the action of a powerful driving force is 
measured at different radii, the plotted curve shows the maximum 
amplitude, but owing to phase changes along the radius it does not 
represent the dynamic deformation curve at any epoch. 



V 


SPATIAL DISTRIBUTION OF SOUND FROM VIBRATING 

DIAPHRAGMS 

1. Rigid disk in infinite baffle’" 

In Fig. 37 a let D be a rigid circular disk vibrating axially in an 
infinite rigid plane. The radiation at is the vector sum of that 
from all the elemental areas into which the disk can be divided. 



Fio. 37 A and B. Diagram illustrating analysis of sound distribution from 
a rigid disk in an infinite plane, d = QON, x — OQ. 


Since is nearer to A than to B, the radiation from B will be out of 
phase with that from A by an amount 27r{BC)IXy where BC is the 
difference in the two distances. At low frequencies, when BG is small 
compared with A, the phase difference is negligible and the radiation 
from all parts of the disk arrives at almost simultaneously. Thus 
the distribution at a considerable distance from the disk is spherical in 
type, i.e. it is uniform, and the pressure everywhere on a hemispherical 
surface of radius r is identical. At high frequencies when BC is com¬ 
parable with or even greater than A, there is at a definite phase 
displacement of the radiation which arrives from various parts of 
the disk. In particular, if BC = iX, the radiation from A and B 
is in opposite phase, and almost complete annulment occurs. Under 
this condition interference of the radiation from the surface of the 
disk occurs in the surrounding space, and the sound is propagated 
in the form of a beam whose angular width decreases with increase 


* See definition 47. 
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in the frequency of vibration [164 a]. The problem which confronts 
us, therefore, is to determine analytically the pressure in space at 
any frequency. The succeeding analysis is based upon the following 
hypotheses: 

1. The disk radiates into free fluid. 

2. The amplitude varies sinusoidally with the time. 

3. The distance from the centre of the disk to spatial points, where 
the pressure is required, is large compared with the radius, e.g. ten or 
more times as large. Consequently the sound pencil from the disk to 
a distant point can be regarded as a series of parallel lines of different 
lengths. This condition prevails in practice, since for comfortable 
audition the listener is stationed at an appreciable distance from a 
loud speaker. 

From (2), Chap. Ill, the pressure at any point distant R from an 
elemental area dA vibrating with normal velocity is 

^ 277 R 


27T R 


dA, 


( 1 ) 


i being omitted since it is not required. To determine the pressure 
at Pi due to the whole disk, it is necessary to integrate (1) over its 
surface. From the geometry of Fig. 37 b we have 

= ON^+PiN^+x^-20Nxcose 
= r^-\-x^—20N xcosd, 

ON = rsin^, 

jg2 ^ r'^-\-x^—2rx8in<f>co8 9 


Since 
we get 


= r^[l + ^—^8m<f>co80 


')■ 


Since by hypothesis 1, we obtain 


R = r|l—^sin^cos^j = r—a: sin ^ cos 


(2) 


Inserting this value of £ in (1), the pressure at due to the whole 
disk is .. a 2 ,r 


P 




^-ik(r-xatB ^ cos 6) 


(3) 


0 0 

since dA = x dxdd and, so far as the influence of distance on the 
pressure amplitude is concerned, P == r. In the exponential index, 
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r—a;sin^cos0 must be used, because a? sin 0 cos 0 controls the phase 
of the radiation at Since r is constant, (3) can be written 

(4) 


277r 


^ xdx ^ 


gifcarsin ^ cos 6 


0 0 

The first integral is 27tJq{1cx sin (f>), where Jq is Bessel’s function of 
order zero. This represents the sound distribution from an elemental 
annulus. Writing z = tesin^, (4) becomes 

.. kaRin<f> 


p = 


rkhm<f) 


J ^o(^) dz. 


(5) 


On integration by parts, (5) becomes 

where represents Bessel’s function of unit order. Inserting the 
limits we finally obtain [154a,b; 155a; 159a] 

/>olo«^ 

r 




G(kasin<f>), 


( 6 ) 


where 


Q _ J\(kami^) 
ka sin <f> 


and has been omitted since it is a constant phase factor for any 
particular value of r. 

On the axis sin<^ = 0 and G = |, so the scalar value of the axial 
pressure at a great distance is 

Po ^0 
2r * 


(7) 


From (6) and (7) it follows that the pressure at any angle </> is equal 
to axial pressure x G. It is, therefore, directly proportional to the 
acceleration and inversely to the distance from the disk. 

The function G is plotted [154 b, 155 a, 159] in Fig. 38. Inter¬ 
preted physically, the fall to zero corresponds to the reduction in 
pressure with increase in eo due to interference. Zero value indicates 
that there is a nodal surface where the pressure vanishes, this being 
the practical angular limit of the radiated beam. Thereafter the 
pressure is small compared with that on the axis. In air at normal 
temperature and pressure the first nodal surface is given by 

j47rX 10^ 
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For a disk 10 cm. radius at 4,096 ~ (top note of a pianoforte) the 
angle ^ is approximately 30“, whilst at 8,192 it is 14*6° which 
represents a narrow beam. For larger disks the angular width of the 
beam would be less, but the actual width depends upon the size of 
the disk and the distance therefrom. 

Polar ciuwes of pressing distribution for disks 6 cm. and 10 cm. 
radius, at frequencies corresponding to the middle and top notes of 
the pianoforte, are plotted in Fig. 39 for air at normal temperature 



Fig. 38. Curves illustrating the functions G 
and JGg used in interference problems. 


and pressure. The complete diagram contains small ovals at each 
side of the main polar curve, but to avoid confusion these have been 
omitted from Fig. 39, and the values of 2G are given in Table 6. 


Table 6 


Function 2G 


Angular distance 


0 

10 

20 

30 

40 

60 

60 

70 

80 

90 


Disk 5 cm. radius 


10 

0-94 

0-79 

0-6 

0-4 

0-22 

Oil 

004 

0*0 

0016 


Disk 10 cm. radius 


10 

0*78 

0*35 

0016 

0*13 

009 

0024 

002 

0045 

006 


3837.3 


H 
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Fig. 39. Curves showing distribution of sound pressure 
from vibrating rigid disks of radii 6 cm. and 10 cm. at fre¬ 
quencies of 256 and 4,096 The curves are applicable 
at distances from the disks equal to or greater than ten 
radii, i.e. r > 10a. The disks vibrate in an infinite plane. 


2. Axial pressure near rigid disk 

In deriving a formula for the pressure near the disk we must dispense 
with the assumption of parallel rays of sound used in § 1 and treat 
the problem rigorously. Prom (1) the pressure at a point on the 
axis, due to an annulus of radius x and width dx, is (Fig. 40) 


dp = Poh-j^ 


Since 2x dx = 2R dJR, 


Rt 

and so p = j dR, 

r 

= (2/5ofo/i:)c-l**(®i+’'>sin ^k{Ri—r). 


(8) 
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Apart from phase the scalar pressure is [150,155 a] 

• •• 

( 9 ) 

Formula (9) indicates that when sin P(i?i-~r) = 0, or when 

= 27m/A, 

the pressure vanishes, and there is an isolated nodal point. Since 
k = 27r/A the condition for a nodal point can be written —r = wA, 



where w is a positive integer. Taking a = 10 cm. radius, a>/27r = 
4,096 at normal temperature and pressure A = 8-25 cm. and there 
is only one node which occurs 1-93 cm. from the disk. When the fre¬ 
quency is 8,192 there are two nodes which occur at distances of 
1*93 and 10 cm., respectively, from the disk. In general the node most 
remote from the disk occurs when w = 1. These results are of great 
importance when axial air pressure measurements are made with a 
condenser microphone. If the microphone is too near the disk—or 
more usually a conical diaphragm or the mouth of a horn—variations 
in the readings will occur at high frequencies due to interference. 
Such measurements near the source do not truly indicate the per¬ 
formance of the device at large distances where listeners are usually 
stationed. 

The minimum distance for the microphone can be calculated from 
the preceding analysis. The node farthest from the disk occurs 
when = A and, therefore the condition to be satisfied is that 
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Bi—r < A. By aid of Fig. 40 this can be expressed as follows: 
^(r®+o2)—r < A, 

r^+a^ < A2+2Ar+r*, 

^ a* 

or 


or 


r 


> 


a^o) 

^nc 



( 10 ) 


where r is always positive. 

For practical purposes the second term in (10) can be ignored, so 
the condition is r > a^oyj^TTC, It will be realized that when r satisfies 
this condition the microphone may be just past the node, where a 
certain degree of interference exists. To ensure complete freedom 
from interference, it is safe to use r > as a working condition. 


3. Rigid rectangular plate in infinite bafifie 

This case is of importance, since it is represented approximately in 
practice by the Blatthaller loud speaker described in Chapter XIII, 
§ 7. Referring to Fig. 41, the line OP, has direction cosines cos a, 
cosy with the x- and 2 ;-axes, respectively. The projection of a point 
in the rectangle (lying in the a: 2 ;-piane where y — 0) on the line OP^, 
is then a:cos a+ 2 :cosy, where a and y are the angles made by OP^ 
with the X- and z-axes, respectively. Thus since Oi^ and QP are sub¬ 
stantially parallel, we have 

R == r—(a;cosa+ 2 ;cosy). (11) 


From (1) the pressure at P due to an elemental area dxdz is 

dv — ^Coe-tA:{r-(a;cosa+£:cosy)} ^xdz, 

^ 27Tr 


( 12 ) 


since r == P so far as distance is concerned. Removing the distance 
phase factor the pressure at P^ due to the whole rectangle 
whose sides are 2a and 26 is [159 a] 

.. ^ ’h b 

Poio 

27TT 


^ c 

I 


^ikxGosoL I ^ikzcoBy 


(13) 


-6 


_ 2poJoa6[sin2iirsin22 


TTT 


r 


I Zi] r sin Z 2 

rJl Z 2 J’ 


(14) 


where Zj = iacosoe and = kb cosy. 
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It is conyenient to express % and in terms of azimuth ff and 
longitude x- From Fig. 41 we have 


cosa = sinflcosx 
Thus (14) becomes 


and cosy = cos 0. 


■sin(fcasin0cos x)] 

‘sm(A;6cos0)l 

ifcasindcosx J 

kb cos 0 J 


(16) 



Fig. 41. Diagram iliustrating analysis of sound 
distribution from a rigid rectangular plate vibrating 
in an infinite plane. The projection of Q on OP^ is 
OS = a;cos a+zcosy, r ^ longer side of plate. 


In the 2 / 2 ;-plane a; == 0, x = 

BO jj = si n(A; 6 sin y)^ 

ttt kb sin 9 

where 9 = I-tt— 0 . 

Likewise in the a; 2 /"plane d = \tt and 


_ 2pQ^Qab sm{kasin<f>) 
^ ttt ka sin </> ^ 


where = (Jtt—x)- 

The function Go = sii^(^sin^) jg identical with 
ka sin 0 




(16) 


(17) 


(18) 
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where is Bessers function of order It is plotted in Fig. 38 

alongside that of the curve for which represents the dis- 

ka8m<f> 

tribution for a rigid disk. The focusing of the radiation from the 
rectangle in the ajy-plane, for equal values of ka, is greater than 
that of the rigid disk. It is specially interesting to note that the 
distribution from the rectangle in the a;y-plane, or from a square in 
the yz- and a;y-planes, is identical with that from a flexible circular 
disk of radius a, whose dynamic deformation curve takes the form 

I = Table 7). The maximum radius vector of the sub- 

— x^) 

sidiary loop for the rectangle or the flexible disk is 18 per cent, of 
the axial pressure. This exceeds that for the rigid disk, as will be 
seen from Fig. 38. Referring to the rectangle, it will be evident that 
the greater a the smaller is the angular width of the sound beam. 
Thus at high frequencies where focusing occurs, the angle of the 
beam will be smaller for the long than for the short side of the rect¬ 
angle. If we imagine a plane containing the y-axis to be rotated 
from the zy position, the angle of the beam in the plane will gradually 
decrease until a minimum is attained in the xy position. From a 
physical viewpoint this variation in focusing is easily understood, 
since the narrower the vibrator the smaller is the phase difference 
in the radiation from its elements at any point in the axial plane 
parallel to the narrow edge. 

4. Circular membrane at symmetrical vibrational modes 

In previous problems the velocity has been constant over the 
vibrator, whereas for a vibrating membrane it varies from the centre 
to the clamped edge. Consequently the distribution of radiation will 
differ from that for a rigid disk of equal radius. The following assump¬ 
tions are required in addition to those in § 1 : 

1 . Neither the acoustic loading (resistance+reactance) nor the 
transmission loss in the material of the diaphragm causes an altera¬ 
tion in its shape. 

2 . Portions of the disk moving in the same direction at any instant 
are in phase, whilst on either side of a nodal line they are in anti¬ 
phase. 

The d 3 mamic deformation curve of a circular membrane at a vibra¬ 
tional mode is, from Chapter IV, § 11 , ^ From ( 4 ), 
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P 


.. a 2n 

= J xJ^dciX) dx J c^**®*”^*”*® dJd. 


The first integral is 2itJfJIJcx^4>), so (19) becomes 
.. a 

p = j Jo{kix)jQ(kx8m^)x dx 
0 

—isin^(A;iO)Ji(i:osin^)} [213]. 
At a vibrational mode Jaijc^a) — 0, so (20) reduces to 

When k\ ^ (21) becomes 

T 

= —t^(fcasin^), 
r 


(19) 


( 20 ) 

( 21 ) 


( 22 ) 

(23) 


where T = 

n/j d 

An annular membrane can be treated in a similar manner (see 
Table 7). 


5. Axial pressure at vibrational modes 

On the axis sin^ = 0 and (22) becomes 

_ go g i q ^r«^(M)1 (23a) 

r I k^a \ 

The axial pressure obviously has zeros corresponding to the roots 
of J^{k^a), In practice, however, the shape of the diaphragm differs 
from that assumed in obtaining (22), since the nodal lines are actually 
positions of minimum amplitude (see Chap. IV, § 17). The zeros may 
be obliterated in consequence of this. In the hypothetical case they 
occur when k^a == 3-83, 7-01, 10-17, 13-3, 16-47, 19-6, etc. [213] 
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6. Free-edge disk with n nodal diameters [166o] 

From the geometry of Fig. 42 using spherical coordinates we have 
r\ = 

= a;®+r*cos*^—2ra: sin ^ cos(6—xl+r^sin®^ 

■= r®— 2rx sin ^ cos(^—x)> since a:® r®; 

so fi = r—a:sin^cos(0—x). 



Fig. 42. OPj = r ; OQ = x (radius of annulus 
as in Fig. 37 b). 

Let the dynamic deformation curve be of the type ^ = ^Q{xlaY%mnd . 
Prom (4) the pressure at a distant point is 

.. a 2n 

dx j* sin dd, (24) 

0 0 

where the factor has been omitted. 

Expressing the first integral as a series of products of Bessel and 
circular functions, we have [213] 

.. « 27r 

^ ^ J J ®“”®po(2)+2^^i”'J'Jz)co8m(ff-x)J dff, 

® « (25) 

where z = kx8in<l>. 

Integrating the products of the circular functions in (25) we obtain 

p _ J a;"+^i(jfca:sin^) dx, (26) 

0 

2^ 

the other terms vanishing, since J sinnd cos m{6—x) = Ounlessw = n. 

0 

The sign and occurrence of the imaginary depends upon n, but it 
does not affect the scalar value of p. 
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Integrating (26) by parts we find that the pressure [156 c] is 

Polo®® • '^.+i(^sin^) 

^ == — em 

7* KCL Sill (p 

Here we no longer have the simple condition of symmetry about 
the polar axis which characterizes preceding examples. To visualize 
the spatial distribution we consider the pressure at a point situated 
in a plane containing the axis of symmetry. When the plane con- 



Fig. 43. (a) Soimd distribution from free edge disk a = 10 cm. 
radius vibrating with one (curve 1) and with two (curve 2) nodal 
diameters at 4,096 or ka — 7*66. 

(6) Distribution from 10 cm. disk with 1, 2, and 4 (curve 3) 
nodal diameters at low frequencies when ka < 0*5. 

The distribution is that on a plane midway between two con¬ 
tiguous diameters, when r > 10a, and the disks vibrate in an 
infinite plane. 

tains a nodal diameter, any point in it is symmetrically situated with 
reference to equal and oppositely vibrating areas. Consequently the 
pressure at any point on the plane is zero. Since this plane contains 
the axis, it follows that the pressure vanishes there also. If we choose 
any non-axial point in the plane and imagine the latter to rotate 
about the axis, the pressure thereat gradually increases in accordance 
with a sine law, attaining a maximum value midway between con¬ 
secutive nodal diameters. As rotation of the plane is continued the 
pressure dies away according to the same law. Thus with n nodal 
diameters there would be 2n maxima and an equal number of zeros 
during one complete revolution of the plane. The distribution of 
radiation with one and two diameters on a median plane is exhibited 
in curves 1 and 2, Fig. 43 a, where ka = 7-56 and cu/27r == 4,096 
At low frequencies when ka < 0*5 the curves for one, two, and four 
diameters are shown in Fig. 43 b. 

Formulae for the spatial distribution in various additional cases 
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are given in Table 7. Dynamic deformation curves have been 
assumed which are in close accord with the shape corresponding to 
different vibrational modes in vacuo. The general case of a flexible 
disk is given without approximation, but the arithmetical labour 
involved in plotting the polar curve is quite formidable. 

The distribution of radiation from a circular disk having nodal 
circles at various radii is illustrated in Fig. 44, comparison being 


! 



Fig. 44. Diagram showing sound pressure distribution at 4,096 

(1) Rigid disk of radius a = 10 cm. in infinite plane (scale full size). 

(2) Flexible disk with nodal circle at a? = a/2 (twice full size). 

(3) „ „ X = (twice full size). 

(4) „ „ „ „ a; = a/1*25 (full size). 

The disks vibrate in an infinite plane and the distribution is that 
when r > 10a. 

made with that from a rigid disk of the same outer radius. When the 
radius of the nodal circle is r = a/V2 the axial pressure vanishes 
owing to interference of the two equal areas on either side of the circle 
vibrating in antiphase. 


7. Vibrators without a baffle or with a finite baffle 


To gain an approximate idea of the sound distribution from dia¬ 
phragms without a baffle [156 a], it is necessary to substitute a 
sphere vibrating in various ways. This involves spherical harmonic 
analysis an account of which is given in Chapter II. From (54) 
Chap. II, the velocity potential at a distance r from the centre of a 
sphere due to the nth harmonic, is 




n 


/n(*^) 

FJika)' 


(28) 







Spatial sound distribution for various radiators in infinite rigid plane 

z ~ Jta sin ^sin ^; p = po(o 9{fr, excepting (20); a = radius of vibrator. 






h MWh »)-% «)]- 

j,{z) , k\-kw^\ -bJMJAi)W)-YAmm 
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At a great distance= 1, so (28) can be written 
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(29) 


(30) 


where H„ = 1/J’„(iia). 

The pressure due to this harmonic is 
p = ipoO»f>n 

S 

T 

where has been omitted since it is constant at a given value 

of r. 

Although 3^ can be written in the form x^+i^n must not be 
inferred that the pressure and the particle velocity at a great dis¬ 
tance from the source are out of phase. The physical meaning of (30) 
is that the sound pressure at a great distance is out of phase with 
the radial velocity of the surface of the sphere. 

To find the total pressure at the spatial point under consideration, 
we have to determine the harmonic components Uq, Ui, etc., in the 
expansion of the radial velocity u = Then the 

pressure is given by 

P=-PQ+Pl + -+Pn + - 
2 

= —‘^{(«0^>^0+Wia^l+“2*2 + -) + i(«0y0+%yi+-)} (31) 


= P^\A+iB). 

T 

(32) 

The scalar value of the pressure is, therefore. 


\p\^p^1^(A^+b^), 

(33) 

where A = 

and jB = (ttoyo+ttiyi+...). 



To facilitate evaluation of |pl, a series of values of and 
corresponding to the range Jfca = 0 to 10, is given in Table 8. 

When the vibration of the sphere is symmetrical about the polar 
axis ZOZ' (Fig. 3), the wth component of the radial velocity is 

«» = {n+WnM J «-Pn(f^) (34) 

the limits of integration depending upon the distribution of the radial 
velocity over the surface [156 a]. 
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Table 8 


ka 

j 


ar, 

ar. 

*4 



Vx 

y* 

v ^ 

r . 1 

Vt 

0 

10 

0 

0 

0 

0 


0 

0 

0 

0 

0 1 


0-5 

0-8 

+ 0126 

-0 024 

-0 001 



- 0*4 

+ 0 22 

+0 0136 

- 0-0018 



10 

05 

+ 02 

-0 066 

-0 0133 

+0001 


-0 6 

+ 02 

+0 09 

- 0-0086 

-0 0016 


20 

02 

--01 

+0188 

-01 



- 0*4 : 

-02 

+ 0 268 

- 0-06 



30 

01 

-0 082 

+ 0 33 

+ 0 0234 



- 0-3 

- 0-246 

0 

-0 266 



40 

0 069 

-0 054 

+ 02 




-0 236 

- 0-216 

-01 




60 

0 038 

-0 366 

+ 016 

+ 0 217 



-0192 

-0183 

-0128 

-0 0038 



10 0 

0 01 

-0 01 

+ 0 04 

+ 0 0677 

+ 0-1 

+0108 

-01 

-01 

-01 


-0 041 

+ 0-0103 


8. One hemisphere vibrating radially, the other quiescent 

In this case the radial velocity u = U from = +1 to 0, and it is 
zero from /x = 0 to — 1 (see Fig. 20). Proceeding on the above lines 
we ultimately find 

A = (36) 

B = V-3/i)y,+2Ve(63/x5-70/i3+ ( 36 ) 


Using Table 8 the distribution of radiation can be calculated for 


various values of ka [156 a]. 
Polar curves for ka = 2*0 and 
10*0 are plotted in Fig. 45. 
This case is of interest in con¬ 
nexion with an exponential 
horn, where a radially pul¬ 
sating hemisphere is used as a 
simulating impedance. 

9. Sphere with latitudinal 
nodal circles 

The preceding principles are 
applicable to any dynamic de¬ 
formation curve of the spherical 
surface. It may be desired to 
approximate to the distribution 
from a radiator, itself analy¬ 
tically intractable, by using a 
sphere with one or more nodal 
circles coaxial with the polar 
axis. Let the radial velocity be 



from radially vibrating hemisphere, the 
other hemisphere being quiescent. The 
hemisphere vibrates in free fluid and 
r > 10a. 


u = V{l-(^x^la^)} = (37) 
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If 9 = 2 there are two nodal circles, one in each hemisphere, at 
0 =z ^rr and Itt, i.e. fi = ±1/V2 since u = (2/^^—1). 

10. Cone with finite baffle 

An approximation to this case at low frequencies, when the cone 
moves rigidly, can be obtained by using two spherical caps at the 
extremities of a spherical diameter, the direction of vibration being 
the same in both cases. The distance from pole to pole on the sphere 
is made equal to the distance from centre to centre round the flat 
baffle, assumed to be circular. The radius of the spherical cap is equal 
that at the base of the cone. 

11. Distribution from a group of radiators 

In public address systems, whether for open air or cinema work, 
it is always necessary to use more than one loud speaker. The pro¬ 
blem which confronts us is to find the resulting sound field when 
the distribution from each radiator and its position relative to the 
remainder is known. We have already seen that when the surface 
dimensions of a radiator are small compared with the wave-length, 
spherical propagation ensues. When several rigid disks are placed in 
juxtaposition, so that their surfaces arc coplanar or nearly so, the area 
is increased and focusing starts at a lower frequency than it does 
from an individual radiator. Although the angle of the sound beam 
is less for n radiators than it is for one, the ultimate area covered 
is larger. The angle and the area are augmented by arranging the 
polar axes of the radiators as normals of a convex surface. For 
example, they might be arranged on the surface of a portion of a 
cylinder or a spherical cap. 

Neglecting the alteration in output from any radiator due to the 
presence of the remainder, suppose we take the simple case of n 
identical radiators on a straight line, the separation between con¬ 
tiguous units being constant. If the radiators are rigid disks set in 
an infinite baffle, all moving simultaneously in the same direction, 
the radiation from each is given by formula ( 6 ). To determine 
the resultant pressure at any point the contributions from all the 
radiators must be summed, due regard being paid to phase. At a 
great distance from the group the maximum pressure due to each 
unit is almost the same. From Fig. 46, assuming the sound rays 
from Pi to each unit to be parallel, the distances are, respectively, 
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0, (2oosd, 2(2cos0,..., (n—l)dcoBff, corresponding to the phase angles 
0, kdcoBff, 2M COB ff,...(n—l)kd 0080 . 

The pressure due to Sq is proportional to G cos <oi, Sj to G cos(cot+a) 
and S„_i to Gcos[<i><+(»—l)a], where 

msintp 

n-l 

The total pressure at is therefore dependent upon G 2 cos(a>^+^a)« 

0 



Fig. 46. Illustrating linear arrangement of five 
rigid disks vibrating in the same phase in an 
infinite plane. 

By the well-known addition formula for cosines in arithmetica 
progression, we obtain [161] 

p = G r^J^lco8[w<+i(»-l)a]. (38) 

r I sin ^cx J 

At any particular frequency the group is equivalent to a single rigid 
disk whose amplitude of vibration is sin^7icx/sin|a that of any indi¬ 
vidual member. This quantity of course varies with frequency, so 
that a single radiator cannot be used to simulate a group in ordinary 
practice. 

The characteristic of a group of five disks at low frequencies where 
G is constant is illustrated in Fig. 47. As foreshadowed in the argu¬ 
ment given above, the additional vibrating area causes focusing 
to commence at a frequency lower than that for a single radiator. 
At higher frequencies, if the radiators are well spaced, it is obvious 
that they will not interfere seriously with one another since each 
has a narrow beam of its own. The radiation characteristic [161] is 
from (38), SR = G sin |na/sin ^a. (39) 

When the radiators touch externally and the radius is made to 
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vaniflh whilst their number increases so that is the length of the 
group, the system degenerates into a line. The radiation can then 
be regarded as that from a cylinder of very small radius vibrating 

normal to its axis. Now G = and when % 0, G = J. 

ka-^ sin ^ 

Also a = kdcosd = 2kaiCO&d, which in the limit gives 
sin Jna = sin(i;7MiiCOS0) = sin(tecos0), 



Fig. 47. Distribution of sound pres- Fig. 48. OM is in the line of sources, 

sure at a relatively great distance 
from the five disks in Fio. 46. 


where a = this being half the length of the line. Since |a 0, 

sinia-> ioL and (39) becomes SR = If each radiator is 

^ ' ka^ cos 6 

chosen to give Ijn the total radiation, the characteristic becomes 

sin(tecos0) _ sin(tecos0) 

kaGO^O 


SR = 


Putting (f) — Itt—O, SR = 


kna ^cos 6 
sin(ibasin^) 


(40) 


sms 


= Go. It should be 


(Aasin^) z 

observed, however, that the latter formula apphes solely to radiation 
in a plane containing the line. In any other plane it is different; for 
example in one perpendicular to the paper and bisecting the line, the 
characteristic is obviously a circle. In Fig. 48, 6 is the angle between 
OPi and OM, so cos 0 = sin ^ cos x S'Rd the radiation characteristic 

becomes SR = preceding case corresponds to 

(msm^cosx) 

^ giving SR = sinz/z == 1, since 2 = 0. The distribution is, 
therefore, uniform as stated. 
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ACOUSTIC POWER RADIATED FROM VIBRATING 
SURFACES 

1. Methods of evaluating power 

There are two principal methods of evaluating the power radiated 
from a vibrating surface: (1) by integrating the product of the 
acoustic or resistive component of the pressure and the normal 
velocity over the surface; (2) by integrating the product of the pres¬ 
sure and velocity in space at a great distance from the radiator. The 
choice of method depends upon circumstances. Determination of the 
pressure distribution over a vibrating surface is usually a protracted 
process (see Chap. Ill), and the analytical expressions are very 
lengthy. At a vibrational mode, the driving force is in phase with 
the surface velocity. In certain cases an approximate estimate of 
the power can then be obtained on the assumption that the driving 
force is proportional to the velocity, provided the dynamic deforma¬ 
tion curve and the resistance per unit area, are known (§ 3). In 
general, however, the second method is easier to apply than the 
first. At a great distance from a vibrating surface, the pressure and 
the particle velocity are in phase. If the spatial pressure distribution 
is known, the power radiated from the vibrator can usually be deter¬ 
mined by analysis. Obviously the pressure distribution over the 
surface is then immaterial. 

2. Plane surfaces vibrating in an infinite fiat baffie 

At a great distance r from a vibrator imagine a concentric hemi¬ 
spherical surface, on one side of the plane, across which the power is 
transmitted. If p is the sound pressure and v the particle velocity, 
the power passing through unit area is pv, since at a great distance 
p and V are in phase. Now from Chap. II, § 14, ^ so v = p/poC 

and the power per unit area is p^IpqC, For an elementary area dA we 
have dP = p^lpoO dA, Accordingly, the power transmitted through 
the hemispherical surface is 

From Fig. 3 the elementary zonal area on the sphere is seen to be 
dA = 277r%in <l> d^^ where <f> is written for 6 , Thus the power radiated 
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from both sides of the vibrating surface is 

p _ f (2) 

Po^ J 

0 

To determine P it is merely necessary to insert the value of in (2) 
and integrate. In general our problems relate to flexible surfaces 
where variations in velocity and phase occur. To obtain analytical 
expressions for P, the dynamic deformation curve of the surface in 
a fluid is assumed to be identical with that of a loss-free structure 
in vdcuo. As we showed in Chap. IV, § 17, this cannot be true in 
practice, since loss converts the nodal lines into positions of minimum 
amplitude. Consequently formulae obtained on the above hypothesis 
must be regarded as approximate. Nevertheless they are decidedly 
better than nothing at all, and serve as a useful guide in the design of 
modem loud-speaking apparatus. 

The premier example which springs to mind is that of a rigid disk. 
It so happens that this particular vibrator has been studied in detail 
and the surface pressure is known (Chap. Ill), so the power is found 
quite simply, as shown in Chap. VIII, § 2. We shall, therefore, choose 
another case. 


3. Membrane at symmetrical modes of vibration 


From (23) Chap. V the pressure at any point far distant from the 
centre is Y 

P = -«4(^asin^), (3) 

T 

provided k\ > which entails a low fundamental frequency. 

Incorporating the pressure from (3) in (2) we obtain 


47eYg 

PoC{ka) 




{ka sin tf>)JlJca sin dif>. 


( 4 > 


0 

To evaluate this integral the following formula [221] is required: 


oo 


(2»+2m)! 


m=0 


m!(2»+TO)!(»+TO)!* 




(5> 


where »is a positive integer. Applying this formula to the integrand 
of (4) we get 


( n„.(2m-l)(2m-3)...l 

PoO ^0 2'"(m!)® 


in 


( 6 > 


0 
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Since 




2^! 


(7) 


we ultimately find that the power radiated from both sides of the 
membrane at a vibrational mode is, 


P = 


47rT^ 

Po^ 


2 <-*>■ 


(Jca) 


2m 


m-O 


(m!)2(2m+l)' 

_ 4pKi(*i«)?/,_ W (te)« \ 

[ *ia J I 1!*3'^2!2 5 312 7 


( 8 ) 

( 9 ) 


_4PrJi(Aia) 


kai k 


1 J L r=0 


(9 a) 


where P = _ p cA(ka)^R, this being the power radiated 

c 

from both sides of a rigid disk vibrating in an infinite baffle when 
ka < 0-5. 

In the membrane type of electrostatic speaker, described in 
Chapters IX and XIII, the driving force, which is distributed over 
the surface, causes a central amplitude Before the power can be 
calculated from (9) the value of fo must be found. At a vibrational 
mode the effective mass vanishes (Chap. IV), the driving force being 
then in phase with the velocity of the membrane. The velocity is 
V — i^J^{kiX) and the driving force per unit area for both sides is f, 
its surface distribution being assumed uniform throughout, i.e, the 
perforations in the fixed electrodes are ignored. The power radiated 
from both sides of an elementary ring of radius x and width dx is, 
therefore, 27TtiQjQ{k^x)x dx. Therefore the power radiated by the 
whole membrane is, 

’ a 

P = 27 rf^o J jQ{k^x)x dx 
0 



where A = ira^, the area of one side. 
Thus the central velocity 



Substituting the value of from (11) in (9) the power, expressed 
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in terms of the driving force, is 



' 1 



Po^ 


H 

oo 

1 



1!2 3 ^ 2!2 5 

3!2 7 ' 
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( 12 ) 


When > 1*4 the series in the denominator of (12) is substantially 
unity, so the formula degenerates to 

PA ♦ 

P = —. (13) 

Po^ 

This surprisingly simple expression shows that, under the specified 
conditions, the power is the same at all vibrational modes, provided 
ka > 1-4. 

At modes above the fundamental, the membrane exhibits nodal 
lines on each side of which it moves in phase opposition. If, therefore, 
the driving force is in phase with the velocity on one side of a nodal 
line, it is in antiphase with that on the other. Consequently, for the 
power to be invariable, the central velocity must increase with 

[ k a 

jr^ a) 

increases with frequency. 


4. Free-edge disk with n nodal diameters [121a] 
From (27), Chap. V, the sound pressure is given by 





Here dA is r^sin<^ d<l> dx (Fig. 3, substituting <l> for 6 ), so using (1) we 
get the power radiated from both sides as 

.. iw 2 tt 

P ^ 2/)o«*^o J sin j siaHx dx 

0 0 
In 

= (14) 

0 

since the first integral is tt. 


This can also be written P — 


{tA )* mean square of total force 
PqcA mechanical resistance 
circuit at resonance we have the analogous formula P — P*/P. 


In an electrical 
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By aid of formula (5) and the substitution x = kasm<l> in (14), we 
obtain 


00 

P = 2P 2 (-1)” 


(2w+2w+2)! 


m=»o 


m!(2w+m+2)!{(?i+m+ i)!}222(n+in-n) 

kn 

X 


(fca)2(»*-+»»)x 


Using (7) this ultimately becomes 




When ka < 0*5, P is given to an adequate degree of accuracy by 
the first term of the series, i.e. when m = 0. For one nodal diameter 
n == 1 and the power [121 a] 


when ka = 0*5. 


48 192’ 


(16) 


Expressed alternatively, for equal output the amplitude at the edge 
of the disk is V192 === 14 times that of a rigid disk. For two nodal 
diameters when ka = 0-5, which corresponds to a frequency of 270 ~ 
for a disk 10 cm. radius, 


P = 


P 

34,560’ 


(17) 


This happens to be identical with the output from a disk of equal 
radius vibrating with a nodal circle at r = a/V2, provided the edge 
amplitude with a nodal diameter is the same as the central amplitude 
with a nodal circle. The ratio of the power in (16) to that in (17) is 
180/1, which demonstrates the rapid decay in output with increase 
in the number of nodal diameters at low frequencies, the edge amplitude 
being constant. It is of practical interest to compare this result with 
experimental observations on a conical paper shell (Chap. XVIII, 
curve 1, Fig. 125). As the number of nodal diameters increases the 
output decays, slowly at first, but as the frequency rises beyond a 
certain point, the output fades rapidly. The large output is due to 
the seam of the cone which introduces asymmetry therefore reducing 
the interference in space. 
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5. Free-edge disk with one nodal circle 

For a dynamic deformation curve f = |o(l—2x7^^) the radius of the 
nodal circle is a: = a/V2. Using the preceding analytical methods 
and formula 2, Table 7, it is easy to show that [121a] the power 
radiated is 




(18) 

-p( ^ 4- 

J 3 ( 2 fei)r 2 ] QJ^(2ka)\ 

(18 a) 


(ka)^ [ {ka)^\ (fa)^ /’ 

When ka < 0-6, 

p _ P(ka)^ 

2,160 ‘ 

(19) 

If jfca = 0-5, we obtain 

p= P 

34,560’ 

(20) 


which illustrates the enormous acoustic short-circuit effect due to the 
oppositely vibrating inner and outer portions of the disk. If the 
radius of the nodal circle is 0-68 a, which is the correct value for free 
symmetrical vibrations, P = P/770. Thus a 45-fold increase in P is 
obtained by reducing the nodal radius 3*8 per cent., provided the ampli¬ 
tude is equal in both cases. In the absence of inherent mechanical 
loss, the power for constant driving force when x = a/V2, exceeds 
that when z = 0*68 a, since at resonance P and Vj, is smaller 

in the former case. 

In practice owing to inherent mechanical loss this conclusion may 
be invalid. When ka > 2 the interference is much reduced, and 
with z = al^/2 and ka = 4, the power radiated for constant amplitude 
is P = P/4-4. 


6. Power from flexible and rigid disks driven by equal forces 

[121a] 

Hitherto our comparisons have been confined mainly to equal ampli¬ 
tudes. In practice, since the effective mass vanishes at a symmetrical 
vibrational mode, the mechanical impedance is much reduced and 
the amplitude under a given driving force correspondingly increased. 
It is proposed to compare the power radiated by baffleless rigid and 
flexible disks, having the same natural mass, being driven by equal 
forces. The driving agent is a moving coil as used in hornless speakers. 
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For a certain aluminium disk, a = 10 cm., and the frequency corre¬ 
sponding to one nodal circle is 120 ~ (ka == 0-23) [114 c]. When 
alternating current in the moving coil is provided by a thermionic 
valve in the usual way, the driving force is equal in both cases 
provided the currents are the same. It follows that the power ratio 
is that of the electrical motional resistances For the rigid 

disk from Chap. II, § 19, formula (90), P' = so the 

zlrr C® 


mechanical radiation resistance is r' == 


16 PqU^o)^ 
~^7T C3~ 


. From Chapter VII 


= 1-88 X 10® which is colossal. 


the electrical motional resistance is P' = ^ since 

r' com'. Now for a rigid baffleless disk as above* m' = 58*5 gm. 
and from Chap. XVI, Table 21, = 2x 10^. Using these formula 

we find that R\^ is 2*1 x 10"® ohms which is extraordinarily small, 
being in fact 1/300 of the value with an infinite baffle. By experi¬ 
ment R^ was found to be 39-5 ohms [114 c] so the power ratio 
flexible disk R^ 39*5 . i.. u • ^ i 

rigid disk R^ 2*1x10“® 

In practice where a step-down transformer is used between the coil 
and valve circuits, the alternating current falls to a very low value due 
to increased resistance at the resonance frequency of the flexible disk. 
Taking the valve resistance as 1,600 ohms, transformer ratio 40/1, the 
resistance in the valve circuit at resonance is equivalent to about 
40 X (40)2 = 6*4 X 10^ ohms. The current is therefore reduced in the 
3 200 1 

ratiof jq 4 ~ ^power ratio at resonance is only 1/400 the 


value computed above. Thus RJR^ = 4*7 x 10® so that the output 
from the flexible disk is 37 decibels above that for the rigid disk when 
both are driven off the same power valve using equal signal vol¬ 
tages. At 1,850 ~ the corresponding values are 2,600/1 for constant 
current, and 370/1 with the valve circuit. In assessing these ratios 
at 1,850 ~ the power from a baffleless disk is assumed equal to 
that from both sides of a rigid disk in an infinite baffle when the 
radiation is highly focused from both sides (see Chap. II, § 22, and 
Chap. V, § 1). 


♦ ~ 55 gin. including disk and coil; m, = 3*5 gm. without the baffle this being 

half the value in an infinite baffle (see § 4, method 1, Chap. III). 

t The static resistance of the coil Bq== 1 ohm, so that in the valve circuit it 
becomes 1,600 ohms, making a total of 3,200 ohms. 
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7. Spherical radiators without a baffle* 

As yet the baffleless conical shell has defied the methods of modem 
analysis. In certain instances approximate results can be obtained 
by substituting the case of a sphere vibrating in various ways. The 
present section is included with this in view. The radiated power will 
be determined by integrating the pressure and particle velocity over 
a concentric spherical surface at a great distance, where the pressure 
and particle velocity are in phase. If the sound pressure due to the 
nth spherical harmonic is and the particle velocity v^, the power 
transmitted through unit area of a spherical surface of radius R is 
Pn = PnlPo sl^ice p^ = pq The total power is the integral over 

the spherical surface. Thus P = — \ { p\dA where p^^ is the root 

J J 

mean square pressure. Since dA = —27Tr^ dp. (see Fig. 3) it follows 
that the power associated with the nth harmonic is [121 b] 

( 21 ) 

Po<^ J 

If the pressure at any point on the distant spherical surface is ex¬ 
pressed as a series of harmonic terms, the integral of the square of this 
series, taken over the surface, is equal to that of the sum of the 
squares of separate terms. This follows from the fact that 

I PMPmip) dfl 

— 1 

is zero excepting when m = n, which is similar to the case of Fourier’s 
series applied to an electrical circuit. Thus in finding the power 
radiated by a vibrating sphere, it is merely necessary to add the 
contributions from each spherical harmonic. 

From (54), Chap. II, the velocity potential due to the nth harmonic, 
at a great distance r from the centre of the sphere, is 

K = 

The pressure due to this harmonic 

Pn. = ”j = iPo S„/r (22) 


For a cone with a finite baffle the suggestion in Chap. V, § 10, applies. 
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where the time factor has been dropped. The radial velocity of the 

surface due to the Tith harmonic can be written 

= U@n where u — Uf{n), U = io 
+1 

and (o) 0„ = J f(ji)PJfi) d/x, (23) 

—1 

1 

(6) 0„ = (2n+ 1)PM J f(ji)PM dfx, (24) 

0 

the respective fields of application being defined below. 

Formula (23) is applicable when the two hemispheres have identical 
motions in the same direction, whilst (24) applies when the motions 
are equal but opposite. If one hemisphere alone is operative, (24) 
must be halved. From expressions (21), (22) and the above value of 
we find that the power associated with the nth spherical harmonic 
is given [121 b] by 

P„ = 2PEije%diJi, (26) 

-1 

where S?, = ^ ~ (Table 1) is a correction factor de- 

\F^[ilca)\^ 

pendent upon the distribution of radiation in space. The integration 
in (25) extends over the entire surface of the sphere, since each har¬ 
monic is concerned with the complete sphere. 


8. Sphere vibrating radially 

Since the dynamic deformation curve is identical in all directions, we 
are concerned solely with the zonal harmonic of order zero. The 
value of ©0 in (23) is, therefore, unity and 

Po = 4PSg. 

But from Table 1, S, = ao SJ = - mid 




4P 

1+jfcV 


(26) 


This result is usually derived in connexion with a spherical source 
whose size is small compared with the wave-length under considera¬ 
tion. Moreover, the correction term l/(l-l-A:*o*) does not then appear 
except in the form unity, i.e. when A:o = 0 or is quite small. 
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9. Sphere vibrating radially, driven by constant radial force 
per unit area 

In treating this problem we shall assume (definition 33), apart 
from m^ (definition 29), to be constant at all frequencies, i.e. there are 
no resonances. The mechanical resistance (definition 31) is found 
from the relationship Pq = Thus from (26) 

The effective mass 


= m,.(l+^), 


where B = —. 


From (2), Table 4, Chap. Ill, — 


4:7Ta\^ ^ JV ^ 
(oka 


Thus 


(28) 

The power radiated 

is 


II 

II 

V. 

(29) 


f being the total driving force on the surface. 

Since == / is constant, it follows from (29) 

T 

that Poz——’’ . Substituting the value of from (28) and of 


Tf from (27), when the driving force is constant, we obtain 
POC 

47ra Vo c[(l+pf+k'^a^j 


(30) 


Provided jS = 'fnjrrii is small compared with unity, i.e. the accession 
to inertia is much greater than the natoal mass of the shell, the 
power is constant at all frequencies. Thus we have the ideal hypo¬ 
thetical acoustic reproducer. In general this condition will be much 
more easily obtained in water than in air, owing to the low density 
of the latter. When j8 is not negligible compared with unity, it follows 
from the preceding formulae that, for constant power output, the 

driving force must vary as ^ frequencies 

when kW 1, jS is constant, so also is the output for a given driving 
force. This conclusion applies equally to any rigid body vibrating in 
an infinite baffle when the sound distribution is spherical. 
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In our spherical vibrator if / is constant, we see from (29) that 

1 1 ’ 
the amplitude ^a varies as — = — j—r -. Inserting the values 

14- 

of r- and m- in this formula we find that f« oc » ir., Axo ; /o o^ > 

1 +p)^-\-kW] 

since by hypothesis jS 1, 

va±p?l). 


At low frequencies, when lea is small, l/a>^, whilst at high 
frequencies, where ka is large, oc l/a>, which indicates the greater 
influence of the in-phase acoustic force at higher frequencies. 

Proceeding on similar lines it can be shown that, when an axially 
vibrating sphere is driven by a constant force, the power 


P(4+i%^) 

{{l+pf(2+k^a^)^+k^a^y 

When ka is small the power 

P a>2 

°'(l+'/3)2*c*(l+)3)*- 


(32) 

(33) 


Thus as zero frequency is approached the power is evanescent 
due to interference of radiation from the two hemispheres which 
constitute a double source. It is important to observe that this 
acoustic short-circuit effect increases with decrease in frequency, 
whilst the accession to inertia remains unaltered. Whereas the power 
is governed by spatial interference due to phase relationships, the 
accession to inertia depends upon the flow of fluid associated with the 
motion, and obviously this can never vanish. At high frequencies 
when ka is large, (30) reduces to II^tto^pqC and the power is constant 
provided ka > (l+jS). 


10. Two hemispheres vibrating oppositely along the common 
axis 

The axial velocities of the two hemispheres being U and it 
follows that the radial velocities are given hy u = where 

/(/x) = fi from 1 to 0 and —/x from 0 to —1, Fig. 20 c. Owing to 
symmetry of the motion about an equatorial plane, the expansion 
of u contains even harmonics only. Hence we use formula (24), for 
the integrand of (25). Thus 

©0 = J d/* = I, 

0 
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1 

and ©2 = 1) J 1) d/* 

0 

higher harmonics not being of material importance. Then we have 

this being one-quarter the power radiated by a sphere pulsating 
radially throughout. 

P 2 = 2PSI J df, 

-1 

81+9k^^-2ik*a*-fkW 

When A;a ^ 0*5 the power radiated is almost entirely due to 
If the driving force is constant and the acoustic (resistive) com¬ 
ponent is negligible compared with that due to inertia, the power 
radiated at low frequencies is 

provided ka < 0*5. 

The power is constant and independent of frequency. This is in 
striking contrast with the result in the previous section when the 
two hemispheres moved in the same direction. The difference is due 
to the absence of interference, since the hemispheres in the present 
case cause pressure changes of like sign. 

A fact of unusual interest is the equality in low frequency radiation 
{ka < 0*5) from (a) two oppositely vibrating hemispheres, (6) both 
sides of a rigid disk in an infinite baffle, (c) a radially pulsating hemi¬ 
sphere, provided the velocity and radii are equal in all cases. From 
this we deduce that if a loud speaker is situated in the centre of a 
room, a baffle is unnecessary if two diaphragms are actuated axially 
in opposition. Since an infinite baffle excludes one-half of the total 
radiation, the output from the differential scheme is twice that from 
one side of the disk. It is also double that from a single diaphragm in 
a finite baffle. The above rests on the assumption that the radiation 
from the inner faces of the diaphragms is suitably dealt with, i.e. that 
it can be absorbed, although this is a difficult matter at low fre¬ 
quencies. A design embodying these features is shown schematically 
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in Fig. 49. The diaphragms are attached to opposite sides of the 
axis of the coil, which is rotatable as in a moving-coil ammeter. The 
principle can be extended to a polyhedron so that the axes of the 
diaphragms lie in intersecting planes, thereby approximating to a 
spherical source emitting sound equally along all its radii [89]. 

When comparison of output is based on constant driving force, the 
advantage of a multi-diaphragm system is offset by the additional 
inertia. The only gain, therefore, is the elimination of the baffle. 




Fig. 49. Diagram illustrating multi-diaphragm moving-coil loud speaker. 

Additional formulae for the power radiated from vibrators of various 
types are given in Table 9. 

11 • Comparison of power radiated by various vibrators at low 
frequencies 

When ha < 0*5, r > 10 a and the entire surface vibrates in the same 
phase, the radiator, whatever be its shape, can be regarded as a 
simple source.* Under this condition the power radiated from 
a sphere is comparable with that from a rigid disk of the same 
radius (which can be simulated by a conical shell moving as a whole). 
The power varies as {uA)\cx}^j^i, where u is the radial velocity normal 
to the surface, and {uA)^ is the effective velocity-area. Data for 
various vibrators are given in Table 10. The comparison is based 
upon (uA)\IQ,y since w is the same for all. For a hemisphere vibrating 
axially, the other hemisphere being quiescent, the radial velocity is 
= U/x = U COS0 (Fig. 20). To find the effective velocity-area, it 
is necessary to integrate over the surface of the hemisphere. Thus 

♦ A sphere vibrating axially is therefore excluded, since the radial velocities in the 
two liemispheres are in opposite phase, i.e. it is a double source. 
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the velocity-area for a zonal ring in azimuth 0 is 2TrUa^cos0smd d0^ 
and the total for the hemisphere is found on integration of this 
between the limits 0 and This gives Uira^ = UA^ where A is 
half the superficial area. The effective velocity-area is obviously half 
that of a radially pulsating hemisphere, but equal to that of one side 
of a rigid disk or a conical shell vibrating axially in an infinite plane. 

The comparison in Table 10 is made on the basis of radiation from 
one side of a rigid disk in an infinite plane, since in practice this is all 
that would be available in an enclosed space. 

Table 10 

Comparison of low-frequency power from various vibrators having equal 

radial velocities (U) 

ka ^ 0-6; A = ‘rra^; diffusion into free space or ‘dead’ room. For the infinite baffle 
condition, the wall in which the vibrator oscillates must be non-absorbent. 


1 

Vibrational system 

Effective 

velocity 

area 

{uA\ 

Solid 

angle 


Power 
ratio to 
rigid dish 

Actual 

power 

Sphere radially. 

4UA 


HUAfIn 

8 

4P 

Hemisphere radially in infinite 
plane (baffle). 

2r7A 

2tt 

2(UA)2/77 

4 

2P 

One hemisphere radially with¬ 
out infinite plane; the other 
quiescent. 

2UA 

47r 

(UAYItt 

2 

P 

One hemisphere axially with¬ 
out infinite plane; the other 
quiescent. 

UA 

4^ 

(UA)V477 


ip 

Two hemispheres in opposition. 

2UA 

47r 

{UA)V7r 

2 

p 

One side of rigid disk or other 
flat surface of equal area in 
infinite plane (baffle). 

UA 

277 

(UA)V277 

1 

IP 

One side of rigid disk without 
plane, the other side screened. 
Rigid disk or conical diaphragm 
in finite baffle. 

UA 

477 

(UA)V477 

i 

1 

(approx.) 

IP 

ip 

(approx.) 
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THEORY OF MOVING-COIL PRINCIPLE 

1, Analysis 

Initially the treatment is based upon the following hypotheses [79 b]: 

(а) The diaphragm and driving coil behave dynamically as a rigid 
structure. 

(б) For generality a linear axial elastic constraint s is included. 
This might be a centring device for the coil, an annular surround 
for the diaphragm or both of these. 

(c) The resistive force due to sound radiation and mechanical 
losses is proportional to the axial velocity 

(d) There is neither mutual inductance nor mutual capacity 
between the coil and the magnet, i.e. only the static magnetic field 
is taken into account. 

(e) The radial magnetic field is uniform throughout the travel of 
the coil and is undistorted by the current. 

(/) The alternating current driving the coil is supplied by a valve 
and a perfect transformer having neither loss, leakage, nor capacity, 
with unity ratio. Fig. 51 a. The transformer prevents the valve feed 
current from passing through the coil, thereby avoiding a permanent 
deflexion. The signal voltage applied to the valve grid is Eg, and the 
magnification factor /x, so the equivalent voltage in the anode circuit 
is iiEg = E, as shown in the equivalent circuits in Fig. 51 b, c, d, e, 
which are discussed later. 

Consider the mechanical forces acting on the coil. We have 
reactive+resistive+constraint = driving force, or symbolically, 

= Cl, (1) 

where m = natural mass of diaphragm, coil, etc. + accession to 
inertia, 

C = force per unit current = e.m.f. per unit velocity (see 
definition 43). 

Consider the electrical forces in the circuit: 
reactive+resistive+niotional (induced) = driving, or symbolically, 
LDI+RI-^rCD^ = E, (2) 
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where L = total inductance in the coil circuit, 

R = total resistance in the coil circuit, 

E = ^niaxsincoi. 

In solving (1) and (2) for the steady state we can write D = ioo. 
Thus (1) becomes 

= C/, 

and (2) becomes = E. 

From (3) ^ . . 

Substituting the value of | from (5) in (4) we obtain 

E = l\R^iwL+-- -^-1. 

From (6) the electrical impedance of the complete circuit is 


(3) 

(4) 

(5) 

( 6 ) 


z _ I - 

1 r;:+(a>r/i—csya))^ 


(7) 


or Z = (^) 

R, L are the respective resistance and inductance in circuit when the 
coil is stationary and include all additional apparatus. 
t>T:he quantities and are called the motional electrical resis¬ 
tance and the motional electrical inductance respectively. They 
can be combined into the motional electrical impedance, thus 

From (7) wc obtain 

r,C2 


_r,C? 

_ C*cos^0 

- — , 

re 

where s/w)*} is the mechanical impedance, 

and the mechanical power factor cos0 = rJZg (see Fig. 50). 

(a/to*—w)C* 


(9) 

( 10 ) 

( 11 ) 


Also 




C*sm*fl (l-cos*fl)C* 


a—to*m 


s—u)hn 


( 12 ) 

(13) 
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The motional inductance can be positive, negative, or zero accord¬ 
ing to the relative interaction of mass and constraint. Below the 
mechanical resonance frequency is positive, at resonance, where 
8 — mco^, it is zero, whilst above resonance it is negative. If desired the 
negative condition can be regarded as a condenser effect and treated 

accordingly. Thus (7,^ =-/ —, and since is negative has 


a positive sign numerically. Both 
and are attributable to the back 
e.m.f. induced in the coil due to 
motion in the magnetic field. The 
phase of the coil velocity, and there¬ 
fore of the induced e.m.f., relative to 
the driving force (current) obviously 
depends upon the mechanical im¬ 
pedance. It follows that R^ and 
being dependent upon the back 
e.m.f., are related to the mechanical 
impedance. 

The motional electrical capacity is 

r = - 

"* C^l-coswy ' ’ 

The circuital current is 


_ E _ 

_ __ ^ __( 25 ) 



*6 velocity 



(b) 


Fig. 50. Diagrams illustrating 
mechanical impedance of moving- 
coil system. Read clockwise. 


The relationship between the mechanical quantities is shown 
vectorially in Fig. 50. 

From (11) and (13) --^tan^^. But from Fig. 50 

T 

, V ^ == cot 0, so ioLJR^ = tan 9. It follows that if the vector 

(sloj—ojm) "" 

diagram of the motional electrical impedance is drawn, the mechanical 
power factor cos 9 corresponds to the motional electrical power 
factor COS0 = RJZ^, On physical grounds this is obvious, since 
the mechanical and electrical resistances and reactances must corre¬ 
spond, respectively. 
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T JR) 

Now from above cos 6 = -^ = so coaW 


^e-^m Inserting this 


value in (11) we obtain 


= C2 

*^6 m 


(16) 


giving a concise relationship between the electrical and mechanical 
systems. Electromechanical coupling exists by virtue of the magnetic 
field, and can be regarded as the electromechanical conversion 
factor (see definition 43). 

From (10) and (16) the mechanical resistance is 




(17) 


and from (12) and (16) the effective mass (see definition 33) 


m 


e 


m—sjoj!^ — 


zi, ■ 


(18) 


When 5 = 0 the system is devoid of mechanical resonance. This 
condition is approached in practice when the frequency on the 
annular surround and centring device is well below audibility, e.g. 
< 20 The stiffness s is then the sum of the individual axial 
stiffnesses of the surround and the centring device. Thus (9) becomes 


zl ^ 


(19) 


and (14) reduces to , (20) 

Cl"* 

since, in general, for a large diaphragm without a horn cos^^ 1. The 
series and parallel equivalent circuits arc now as shown in Fig. 51 n, e . 
The above formulae can be used to determine the total impedance of 
aloud speaker56, the value being [IRq+ 

From Fig. 51 d it is seen that the static inductance Lq and motional 
capacity constitute a resonant system. If the total circuital 
resistance is sufficiently low, damped oscillations will occur in the 
absence of mechanical constraint. In practice the resistance is much 
too high for this to happen, and with a steady applied e.m.f. the 
resonant frequency is inconspicuous. 

Hitherto we have considered the various motional impedances to be 
in series, as shown in Fig. 51 b . Using a well-known transformation 
the motional impedance can be represented by a parallel circuit as 
shown in Fig. 51c. The analytical expressions for the three com- 
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ponents are now very simple: thus 

= L'^ = ^, and C'; = g. (21) 

The circuit of Fig. 61 c is the parallel electrical equivalent of the 
moving-coil system. Moreover, if the coil system were replaced by 


(a) 



E*|iEg 


Fig. 61. 

(а) Valve circuit for coil driven disk. 

(б) Circuit equivalent to (a), series arrangement. 

(c) Circuit equivalent to (a), parallel arrangement. 

(d) Circuit equivalent to (a), series arrangement, a = 0. 

(e) Circuit equivalent to (a), parallel arrangement, « = 0. 

this circuit, the voltage, current, phase, and power would be identical 
in both cases. When m and are constant, the three quantities in 
(21) are independent of frequency and the equivalent circuit is rigor¬ 
ously applicable to transients. 
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If an harmonic e.mi. of constant maximum fiEg is applied to the 
circuit of Fig. 51 c the current is reduced to a fraction of its normal 
value when its frequency is equal to the resonant frequency of the 
system. Under this condition the impedance of the equivalent circuit 
is very high, and the current-frequency curve has a deep crevasse. 
This is shown distinctly in the experimental curve of Fig. 149. 

2. Extension of the analysis to flexible diaphragms 

By considering only the forces operating at the driving point, the 
foregoing analysis can be extended to include any form of mechanical 
impedance. Just as any electrical circuit, however complex, can be 
resolved into an effective resistance and an effective inductance in 
series, so also can a mechanism at the driving point be regarded as an 
effective mechanical resistance in series with an effective mass. The 
latter can be positive, negative, or zero according to circumstances. 
(See definition 33.) 

The concept of effective mass at the driving point is of inestimable 
value in the investigation and physical interpretation of vibrational 
problems. If we are presented with a mysterious box having two 
external terminals, said to harbour inert electrical circuits, its per¬ 
formance under steady conditions can be predicted by aid of an 
A.c. bridge. Measurement reveals that it has an effective resistance 
and an effective inductance at all frequencies. These are the only 
quantities required to calculate the steady current in any known 
circuit to which the box may be connected. The contents of the box 
may be simple or complicated, but they are of no importance except 
in the case of transients. The same can be said of any mechanical 
system whose driving point is under dynamical examination. Sym¬ 
bolically the mechanical impedance == where rn^ is now 

the effective mass. It is of paramount importance that be not 
confused with the equivalent mass. (See definition 34.) It so 
happens that in the special case of a rigid structure vibrating in vacuo, 
the natural, effective, and equivalent masses are identical. 

From what precedes there should be no difficulty in realizing that 
the foregoing analysis is valid for any mechanical system whatsoever, 
provided attention is paid to the driving point alone. This happens 
in practice, since the mechanical reactions are measured at the 
driving coil. 

It is evident from (9) and (18) that {m—sjoj^) is the effective 
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mass of a rigid diaphragm with constraint. Knowing and 
from A.c. measurements, can be calculated using 

(18), so the value of s can be found. This case occurs in loud speakers 
where a is due to the combined effect of centring device and surround.* 
The resonance frequency is, of course, cu = ^(ajm). Below this point 
is negative, and above it is positive. 

In general we have from (17) the effective mechanical resistance 


and from (18) the effective mass 

= 




( 22 ) 

(23) 


where Thus both quantities can be found by 

electrical measurements of motional resistance and motional in¬ 
ductance. 

These results are only valid for the steady state. If a diaphragm 
is subjected to an impulse, all its natural frequencies are excited. 
The higher the individual frequency the greater the damping. 
As time progresses after the shock, the higher modes are quickly 
extinguished, finally leaving only the fundamental (see Fig. 140). 
Consequently the shape, the resistance, the accession to inertia, 
and, therefore, the effective mass of the diaphragm, referred to the 
coil, change progressively from the beginning of the motion. Thus, if 
were used in equation (1) in place of m, the analysis would be 
invalid. In practice, provided the principal vibrations are separated 
by wide frequency intervals, they can be studied independently within 
certain limits. 


3. Predetermination of coil current 

Having tentatively settled the general design of the vibrational sys¬ 
tem of a loud speaker, it is a wise policy to calculate the coil current 
over the frequency range to be covered. To do so it is necessary to 
know the static and motional components of the coil impedance, i.e. 
(Ro+Bfn) (^o+-^m)j together with the valve resistance i?^. The 
static values can only be found accurately by experiments on similar 
models, since calculation ab initio is rather hazardous owing to the 
influence of the iron of the magnet. With the aid of Table 36 an 

* In a hom speaker having a small diaphragm the surround and centring device 
are usually one unit. 
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approximation can be obtained in certain cases. The motional values 
can be calculated only on the assumption that the system moves as 
a rigid structure, unless the effective resistance and effective mass 
are available from previous experimental data. Since ~ we 
have from (22) and (23) 




2 




^2 


(24) 

(25) 


where = ^(rf+oj^mf); and as we assumed and to be known, 
the electrical motional impedance can be computed. 

To determine and in certain cases, for example the horn type 
speaker of Fig. 82 a, it is essential to proceed as shown in Chapter XX. 
The analogous electrical circuit is drawn and then resolved into the 
form after which jR' and are transformed to their 

mechanical analogues and The latter are then used in 

formulae (24) and (25). 

In all the preceding work for simplicity the various electrical 
quantities have been referred directly to the anode circuit of the 
power valve. There ought, however, to be no difficulty in applying 
the analysis to the secondary circuit of a step-down transformer. 
If is the ratio of the turns, we have the new values for the 


anode circuit of the valve as 

4. Transients* 




A study of the equivalent diagrams provides interesting information 
[79 b]. We have already indicated the possibility of oscillation in the 
absence of constraint in Fig. 51 d, so we pass on to discuss Fig. 51 e. If 
we imagine a battery to be switched in circuit to replace the alternator, 
a voltage is applied to the circuit rising instantly from zero to E, 
We can assume this to last a very short time before being switched 
off. The impulse so obtained can be resolved into a spectrum of fre¬ 
quencies, infinite in number, from zero upwards. The low frequencies 
are impeded by (7^,, although part are by-passed by i?'^. The high 
frequencies are by-passed by (7'^ but impeded by Thus there is a 
definite relative phase shift of the high and low frequency components 
of the impulse. The attenuation of the former by reduces the rate of 
rise of the coil current, and the impulse is rounded, i.e. the steepness 


♦ Definition 44. 
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of the wave front is curbed. From a physical viewpoint the charging 
current to is represented by acceleration of the mechanical 
system.* The by-passing influence of represents the damping due 
to sound radiation and mechanical loss. As the velocity increases so 
also does the back e.m.f., due to the coil moving in the magnetic fleld. 
Thus the charging current taken by and, therefore, the coil current 
and velocity increase exponentially to their final values. 

When the battery voltage E is suddenly removed and replaced by 
a short circuit, the electromagnetic energy \Lq P and the electrostatic 
energy have both to be dissipated. The system is consequently 

not dead-beat and the tail of the transient is drawn out instead 
of being vertical. Interpreted physically the kinetic energy of the 
mechq,nical system is expended in keeping it in motion against the 
opposing influence of air resistance and electromagnetic damping. 
This is represented by discharge of (7^^ through R'^ and the remainder 
of the circuit. The case where « 0 can be considered in like manner 

by aid of Fig. 51c. There is only one possible oscillation frequency, 
and this depends upon the various circuital coefficients. In general 
the combination predominates, and the frequency is given by 

CO == this being the value for the mechanical 

system. Unless the influence of radiation, frictional loss, and electro¬ 
magnetic damping is large enough, damped oscillations will accom¬ 
pany each transient, as shown in Fig. 140. In a hornless speaker it is 
usual to rely upon electromagnetic damping at low frequencies. For 
this purpose the magnetic field should be strong, and the natural 
frequency on open circuit below audibility. In a horn moving-coil 
speaker the radiation resistance is large, so the natural oscillations 
are highly damped as shown in Fig. 144 b. 

5. Measurement of inherent mechanical loss 

In every vibrating structure there is a certain amount of loss in 
addition to that associated with the radiation of sound. Apart from 
air friction between the coil and magnet, also eddies and skin friction 
at the diaphragm, this can be foimd by auxiliary measurements 
in vacuo [41]. 

Let Ri = electrical motional resistance due to inherent loss in vacuo, 
r„ == mechanical resistance due to inherent loss in vacuo. 


* This is not an electrical analogue where current is equivalent to velocity. 
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When the diaphragm vibrates in air, neglecting additional loss 
we have jy 

r. = (26) 

whilst in vacuo (27) 


From (2G) and (27) we obtain 




It is important to realize that is not (R^—R^) and that Ri ^ jf?,,. 
This is due to the fact that the power loss in air differs from that 
in vacuo owing to the increased axial velocity of the coil in the 
latter case, arising from reduction in mechanical impedance due to 
removal of the load. By virtue of the relationship between and 
{ZfZ^ = C^), and since oc 1 / 2 ^ for a given force, it follows that 
Z^jZ^ is the ratio of the velocity in vacuo to that in air. Whence 
the electrical motional resistance due to loss is i?^(Z^/Z,,)2. 

From these measurements the accession to inertia can also be 
determined. Let L,, be the motional inductance in air and in 
vacuof respectively, and the effective mass in air and in vacuo, 

respectively. 

Then from (23) ^2 r 

(29) 


The accession to inertia is, therefore, 


-m = 

Uf, Zt 


or alternatively 


1 


In the above procedure it is tacitly assumed that the shape of the 
dynamic deformation curve of the diaphragm is identical in air and in 
vacuo. Where hornless speakers are concerned, the motional resistance 
and inductance at higher frequencies are each the difference of two 
relatively large and nearly equal quantities. An error of 1 per cent, 
in either entails a large error in the difference between them, so great 
care and judgement must be exercised in using this method and in 
interpreting the results. This is discussed in detail in Chap. XVI, § 3. 
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For hom speakers, where the resistive component is an appreciable 
proportion of the mechanical impedance, the method should be of 
real value. Owing to removal of the resistive component in va^uOf 
the testing current must be kept within bounds to prevent excessive 
diaphragm amplitude. The effective mass-frequency curves, which 
can be plotted from the above tjrpe of measurement, are of great 
utility in studying the vibrational characteristics of the system, 
provided the mechanical loss is insufficient to mask the influence of 
elasticity and inertia. 

6. Influence of magnetic field strength 

This can be examined by aid of the formulae deduced in the previous 
sections. The square of the flux density in the gap, jB^, appears in 
the electromechanical conversion factor (see definition 43). From 
(10) and (11) we see that the motional resistance increases directly as 
and therefore as Thus when the coil current is constant at all 
frequencies the power increases as 

In horn speakers the current at low frequencies is reduced by in¬ 
crease in since from (14) and (20) the motional capacity varies 
inversely as B^, This is not usually serious in practice, since it helps 
to offset the resonance due to the surround and centring device. If 
a high resistance valve is used, the current is not materially influenced. 

The magnetic field introduces damping owing to the back e.m.f. 
induced in the coil due to its motion. This is useful in hastening the 
decay of the motion or in rendering the natural oscillations of the 
system aperiodic, but to do so the field must be intense. 


7. Output circuits 

The circuit between the power valve and the speaker may take various 
forms, which are illustrated in Figs. 52 and 147, the equivalent dia¬ 
grams being appended in each case. The choke-condenser output of 
Fig. 147 A is used with so-called high-resistance coils. When L and G 


are sufficiently large so that the frequency 


2tt 


= - /- 
27tisJlC 


is below 


audibility, the equivalent circuit takes the form in 147 b. Otherwise 
the circuit is that of 147 d. Fig. 52 a illustrates a simple transformer 
circuit, the primary winding having % turns and the secondary 
Owing to leakage of the magnetic flux between the windings, an 
inductance must be added in series with the coil. To obtain the 
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equivalent resistance and inductance (the leakage inductance is X'O in 
the anode circuit, the secondary values are multiplied by (wj/wg)®. 
The equivalent capacity is found by dividing the secondary capacity 



(a) Transformer coupled speaker with equivalent circuit. 

(h) Choke-condenser-transformer coupled speaker with equivalent circuit. 
(d) Push-pull arrangement of transformer coupled speaker with equivalent 
circuit. 


by (»i/» 2 )^- I®' equivalent circuit of Eig. 52 a, represents the 
primary inductance of the transformer, and its resistance. To 
prevent the anode feed current polarizing the transformer core, 
thereby lowering its inductance, the choke-condenser feed of Fig. 52 b, 
or the push-pull arrangement of Fig. 52 c can be used. 






vm 


HORNLESS SPEAKER SIMULATED BY COIL-DRIVEN 

RIGID DISK 

1 . Having found the analytical relationships between the electrical 
and mechanical systems, if we know the mechanical impedance 
r^-fictirng, the power radiated by the vibrating system can then be 
calculated [77, 78, 79, 81]. To bring the problem within the scope 
of analysis we assume the diaphragm to be represented by a rigid 
circular disk vibrating in an equal aperture in an infinite rigid plane. 
The reaction on the disk consists of two components, (a) a load com¬ 
ponent in phase with the velocity, (6) an inertia component in 
quadrature with the velocity. The latter is due to the disk causing 
vibration of a mass of fluid in its neighbourhood. The kinetic energy 
of this fluid is T = where v is the axial velocity of the disk, 

and mi the additional mass due to the fluid. The vector diagram for 
the acoustical portion of the system is shown in Fig. 14. The total 
force on the disk is the vector sum of the acoustic, or resistive, and 
inertia components, as shown in Chapter III. 

Thus for both sides of the disk 

f = 2pQcA{Gi-{-iG^iQ ( 1 ) 

= (r^+ix)io = (la) 

where 

r - 1 

ka ’ 

— radiation resistance* = 2pqcAG^, 

nil = accession to inertia = 

A = where a is the radius of the disk. 

Curves of the functions G^, Gg are plotted in Fig. 17. Using the 
expansion of J^(21ca) the function Gj can be written 

“ 1.2 ~ L2*^ 1.2*.3*.4~ 

where ka — z. 



* Since there is no inherent mechanical loss replaces r,. The acoustic resistance 
per unit area varies with the radius (see Chap. Ill), so r^JA = 2p^cGi is a mean value. 
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At low frequencies when z is small, i.e. < 0*5, 

Gi 4= (3) 

As z increases so also does due to decrease in the term J-^{2z)lz. 
When 2 = 1*9, = 1, and as z increases ultimately oscillates 

about this value, as shown in Fig. 17. Interpreted physically, when 
the frequency or the radius of the disk is large enough to violate the 
relationship G^ == z^j^ appreciably, interference of the radiation 
from various parts of the disk occurs in space, i.e. there is a departure 
from spherical wave propagation. As the frequency or the radius is 
increased still more, focusing of the soimd due to interference gradu¬ 
ally becomes more pronounced until G^ = 1 (ka = 1*9), after which 
the acoustic pressure on the disk oscillates about a constant value. 
Under this condition wave propagation at a great distance from the 
disk is sensibly plane. An important fact is that under this condition 
the mean resistance over the disk due to sound radiation is p^c per 
unit area. This being identical with the resistance of the medium 
per unit area, it follows that for values of ia > 1*9 the medium is 
matched.* 

For a disk 10 cm. radius, focusing in air at normal temperature 
and pressure commences approximately at 250 whereas for a 
5 cm. disk the corresponding frequency is 500 As shown in 
Fig. 55, the power radiated is not affected until a much higher fre¬ 
quency is reached. In water, where the velocity of sound is some 
four times greater than in air, these values would be increased to 
1,000 ~ and 2,000 respectively. 

By expanding Yl^{2ka) we obtain 


2; 7 r\l 2.3 12.32.5"^ P.32.52.7 



(4) 


At low frequencies when z < 0*43 the value of Gg for most purposes 
is given with adequate approximation by the first term of the series. 
Thus we can write 

(5) 




37r 


The accession to inertia is = 2 pQcAG 2 lco, and it gradually 
decreases as z increases beyond the value 0*43. This is due to inter¬ 
ference which entails a reduction in the mass of fluid in motion. For 
a disk 10 cm. radius, = 7-0 gm. at 50 ~ but only 2*4 gm. at 


t When z < 0«43, = (16/3)poO®‘ 


* See definition 20. 
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1,000 For a disk 2 cm. radius, is almost constant up to 1,000 

At frequencies where the sound radiation is highly focused and the 
angle of the principal sound beam is small, the wave propagation is 
nearly plane, so is negligible compared with the mass of the disk. 


2. Power radiated as sound 

The power radiated as sound from both sides of the disk is 


P — (see (45), Chap. I) 

= 2p^cAco^eoG^. ( 6 ) 

When ka ^ 0-5, = k^a^l2^ so (6) becomes 

p ^ poTraWgg _ 

c * ^ ^ 

This is a formula we shall use frequently in power problems. At 
high frequencies when ka > 1*9, = 1, so (6) becomes 

P = (8) 

We have now to find in terms of the driving force /. Since r^, is 
usually small compared with the effective mass of the disk (which 
includes the mass of the driving coil and m^), the mechanical impe¬ 
dance is substantially 

2;^ = = w(m^+m^+m,.). (9) 


Now the driving force f == vz^ = oj^qZ^, so 

( = -L-. 

® cjhtig 


( 10 ) 


Substituting the value of from (10) in (6) the power radiated is 


oj^ \mj 

(11) 

When ka < 0-5 (11) becomes 


P = Po^*//V 
c \mj ’ 

(12) 

and when ka ^1-9 P = ] , 

to* \mj 

(13) 

where since -> 0. 

From (12) it is evident that, so long as / is 

constant at low fre- 


quencies, the power radiated remains unaltered even at sub-audible 

3837.3 T 
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values. This is explained by the increase in amplitude, since the 
latter varies inversely as the square of the frequency. 

At high frequencies, when ka ^ 1*9, the power decreases inversely 
as the square of the frequency, although the radiation resistance is 
constant. This is due to the amplitude varying inversely as the 
frequency. Thus if the driving force, and therefore the coil current, 
were constant at all audible frequencies, the output from the lower 
would far exceed that from the upper register. It follows that a rigid 
disk 10 cm. radius would be useless as an agent for obtaining satis¬ 
factory sound reproduction from 40 to 10,000 As we shall see 
later (Chap. XII, § 1), however, the reproduction is substantially 
perfect on the axis at a distance of 10 or more radii, provided the 
dimensions of the detecting device are small compared with the short¬ 
est sound wave to be reproduced. The above analysis gives some idea 
of the results to be obtained from a hornless system with ‘inertia’ 
control. 

3. Numerical illustration of analytical expressions 

The ultimate performance of the device under consideration depends, 
amongst other things, upon the current in the moving coil. To deter¬ 
mine this, it is necessary to know cos 6, and i?^. These quantities 

Table 11 

Radius of disk = 5 cm. Mass of disk = 2*5 gm. Mass of coil = 5 gm. 


/. 

Frequency 
(cycles per 
second) 

Effective 
mass (gm,) 

cos 6. 
Acoustic 
power 
factor 

Motional 

capacity 

(microfarad) 

K- 

Electrical 

radiation 

lesistance 

(ohms) 

50 

8-36 

2-8X10-® 

0*33 

26 

100 

8-36 

5-7 

0*33 

26 

200 

8-36 

11-4 

0-33 

26 

600 

8-3 

28-5 

0-33 

26 

1,000 

816 

52 

0 33 

25 

2,000 

7-82 

69 

0-31 

17-5 

4,000 

7-53 

36 

0-3 

4-8 

8,000 

7-5 

18 

0*3 

1-2 


have been calculated for three disks of different sizes, namely, 5 cm., 
10 cm., and 15 cm. radius, respectively. Moreover, the influence of 
the size of the disk can be seen. The results have been tabulated and 
are given in Tables 11, 12, and 13. 
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The variation in effective mass is more pronounced the greater the 
diameter of the disk. In each case the mass decreases with rise in 
frequency, as explained previously. The acoustic power factor, and 
therefore the total sound pressure on the disk, increases with the 
diameter. In each of the three cases the power factor attains a 

Table 12 


Radius of disk = 10 cm. Mass of disk = 10 gm. 


/• 

Frequency 
{cycles per 
second) 

Effective 
mass {gm.) 

cos 0. 
Acoustic 
power 
factor 

Motional 

capacity 

{microfarad) 

K,. 

Electrical 

radiation 

resistance 

{ohms) 

50 

22 

1*8x10-2 

0*88 

66 

100 

22 

3*6 

0*88 

66 

200 1 

22 

7*2 

0*88 

66 

500 

20*2 

17 

0*81 

69 

1,000 

17-4 

25 

0*7 

58 

2,000 

15-2 

14 

0*61 

18 

4,000 

15 

7 ; 

0*6 

4*5 

8,000 

15 

■ 3*5 

0*6 

1*1 


Table 13 

Radius of disk = 15 cm. Mass of disk = 22-5 gm. 


/• 

Frequency 
{cycles per 
second) 

m^. 

Effective 
mass {gm.) 

cos 0. 
Acoustic 
power 
factor 

^m* 

Motional 

capacity 

{microfarad) 

R,. 

Electrical 

radiation 

resistance 

{ohms) 

50 

50*7 

3*77x10-2 

2*0 

59 

100 

50*7 

7*2 

2*0 

57 

200 

49*5 

14*5 

2*0 

58 

500 

40*4 

32 

1*66 

59 

1,000 

29*3 

35 

M4 

46 

2,000 

27*5 

17*1 

11 

12 

4,000 

27*5 

8*7 

1*1 

1*3 

8,000 

27*5 

4*4 

1*1 

0*3 


maximum value. This is explained by a consideration of the velocity 
of the disk and the interference at various frequencies. 

Assuming the axial driving force and the effective mass to be 
constant, the power is constant if ka ^0-5. The acoustic pressure 
is power/velocity; and since velocity oc l/w, the pressine increases 
with frequency, provided the wave propagation is spherical. But 
a point is reached when the propagation deviates from the spherical 
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type and gradually assumes that of plane waves. Moreover, as the fre¬ 
quency increases from 60 cycles upwards, a turning-point is reached, 
due to interference, where the total acoustic pressure on the disk 
decreases, whilst the mass reactance increases with the frequency. 

The motional capacity, which exists by virtue of the back e.m.f. 
induced in the coil due to its motion in the magnetic field, increases 
with the mass (and radius) of the disk. This is explained by the re¬ 
duced axial motion and therefore lower velocity of the larger disk, 
which generates a smaller back e.m.f. In each case the motional 
capacity decreases with rise in frequency, owing to the reduction in 
the accession to inertia of the disk. 

So long as the wave propagation is spherical, the electrical radiation 
resistance Rj, is substantially constant. When, however, interference 
commences, iJ,. decreases, until at 8,000 ~ it is a small fraction of its 
value at 50 From the tabular values it is seen that over the range 
60 to 2,000 cycles the greatest output is obtained from a disk 10 cm. 
radius. Above 2,000 cycles the output is greatest from the smallest 
disk, viz., 6 cm. radius. If the mass of a disk driven by a constant 
axial force varies as the square of the radius, the radiation over a 
given band of frequencies increases with decrease in the size of the 
disk. At the higher frequencies this must be so, since the interfer¬ 
ence effect is less prominent with small disks than with large ones, 
whilst at low frequencies the accession to inertia is less. Now this is 
not in keeping with the results just quoted. The apparent paradox 
can readily be explained if we consider the effect of the coil. Its mass 
is a much greater proportion of the total mass with a small than with 
a large diaphragm. Hence the acoustic power factor and the output 
of the small diaphragm are reduced accordingly. Moreover, in the 
present system there is a certain radius of disk for which the acoustic 
output over a definite frequency band is a maximum. 

4. Current in the moving coil 

The coil current at any frequency is controlled by the impedance of 
the coil in motion, together with i?^, the internal alternating current 
resistance of the valve. The latter has been allotted a value of 4,000 
ohms.* The impedance of the coil in motion depends upon four 
factors, namely: (1) the effective resistance at rest, (2) the electrical 
radiation resistance, (3) the effective inductance at rest, (4) the 

* This is decidedly high for a triode, but it serves to illustrate the analytical work. 
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motional capacity. Items (1) and (3) have been ascertained by bridge 
measurements (Table 36), whilst (2) and (4) have been calculated 
from the formulae developed herein. 



Fig. 63. Curves showing current in moving coil at various 
frequencies. 


Details of Coil and Magnetic Field 


Mean radius of coil . . . . 

Number of turns .... 
Mass of coil ..... 
Mean strength of radial magnetic field . 


Internal resistance of valve 


r = 2*5 cm. 


n = 103. 

= 5gm. 


. = 10^ e.g.s. units. 


^ ^ {27TrnBg 

11-58x103. 

. JSg == 4x 103 ohms. 


U^g the formula / = end po.- 

tulating a peak sine-wave voltage change of 140 volts on the anode 
of the valve, the coil current has been calculated for three disks at 
frequencies varying from 50 to 8,000 cycles per second. The results 
are shown graphically in Fig. 53. At low frequencies the larger the 
diaphragm the larger the current. This is due to the lesser amplitude 
and velocity of the larger disk by virtue of its greater inertia. Thus 
the back e.m.f. induced by the motion of the coil in the magnetic 
field decreases as the radius of the disk increases. At the higher 
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frequencies, although the induced e.m.f. is negligible, the coil current 
is curbed due to increase in the effective resistance (iron loss) and 
reactance of the coil. Moreover, the coil current at these frequencies 
is approximately the same for all three disks. 

5. Reactance of moving coil 



Frequency (^cycles pcr t»eccMid) 

Fia. 53 a. Curves showing reactance of moving coil at 
various frequencies. 

value through zero to a positive value, the latter being due to its 
inductance. The negative reactance at low frequencies exists by 
virtue of the large back e.m.f. induced in the moving coil. Since 
the smaller the disk the larger the amplitude, and therefore the axial 
velocity, the low-frequency reactance of the 5 cm. disk is greater than 
that of the other two. When the reactance is zero, cuZ/q = l/a>(7,„, and 
this occurs at the electromechanical resonance frequency. The greater 
the effective mass of the disk and coil the lower the electromechanical 
resonance frequency. These points are shown by the reactance curves 
of Fig. 63 a. At frequencies above or below the resonance point, the 
current ‘lags’ or ‘leads’ on the impressed e.m.f. E — iiE^ of Fig. 51 d. 
The further the frequency from resonance the greater the ‘wattless’ 
component of the current. 
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6. Axial pressure 

It is shown in Chapter Y that the axial pressure at distances exceed¬ 
ing a certain number of diameters from the disk is independent of the 
frequency, so long as the acceleration of the disk is constant and wfZir 
is not too high. This necessitates constant driving force and constant 
efEective mass throughout the frequency range imder consideration. 
In our particular case both of these factors are variable. The deviation 



Fig. 54. Curves showing axial pressure 10 metres from 
disks at various frequencies. 


from constant pressure is seen from curves of Fig. 54. Curves 1, 2, 
and 4 indicate the pressure variation for the three disks when the 
current and effective mass vary with the frequency. The pressure 
caused by the 5 cm. disk is relatively small, due to the influence 
of the mass of the coil, as explained previously. At the lower 
frequencies, there is little difference between the pressures caused 
by the 10 cm. and 15 cm. disks, but the pressure is greater for the 
15 cm. disk at the higher frequencies, although the total energy 
output is less due to increased mass reactance. 

Curve 3 indicates the pressure variation for the 10 cm. disk when 
the driving force is constant. The smaller pressure at frequencies 
below 2,000 cycles is due to the greater effective mass caused by 
‘accession to inertia’, In each case the oscillations in the curves at the 
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higher frequencies due to oscillation in the function Gj have been 
disregarded. 

7. Power radiated as sound 

The power radiated as sound from the three disks is shown in 
Fig. 55. The vertical scale is a logarithmic one, since the sensi¬ 
tivity of the ear progresses in a logarithmic manner. The output 



Frequency (~') 

Fig. 55. Curves showing power level at various frequencies. 

from the two larger disks is appreciably greater than that from 
the 5 cm. disk over the frequency range 50 to 1,000 cycles. There¬ 
after the output from the larger disks falls off rapidly, until at 
the higher frequencies it is very small for all three disks. This is due 
to the mass reactance which reduces the amplitude of vibration, 
thereby causing the axial velocity to decrease inversely as the fre¬ 
quency and the sound output inversely as the square of the frequency, 
when / is constant. Consequently the smaller the mass of the system, 
for a disk of given radius, the greater the upper frequency output. 
This can be seen from (13). In a massless system the power would 
increase with rise in frequency owing to a gradual reduction in m^, 
and a corresponding increase in the radiation resistance. For a disk 
10 cm. radius, it is seen from Table 12 that is negligible above 
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2,000 SO the mechanical impedance at higher frequencies is sub¬ 
stantially z^ = = 2 pqcAGi. Apart from the oscillation in G^, as 

shown in Fig. 17, = 2pQcA, the medium is matched (definition 20 ), 

and the sound power/ 2 / 2 pocJ. is then independent of frequency. 

Owing to vibrational modes in the upper register, the effective 
mass of a conical diaphragm is quite small, so the massless condition 
is approached. Above a certain frequency, however, the output 
decays rapidly due to transmission loss. 

8. Performance of reed-driven rigid disk 

By aid of the analysis in Chapter VII the performance of a reed- 
driven rigid circular disk vibrating in an infinite fiat baffle can be 
computed. It is assumed that the reed is elastically controlled and 
operates like a simple helical spring. The analysis is applicable to a 
cantilever reed so long as the frequency is well below the fundamental 
resonance of the reed alone [96 a]. 

Owing to the neutralization of inertia by the reed stiffness, the 
acoustic power factor, radiation resistance, power output, and axial 
pressure at the resonance frequency of the combination far exceed the 
values for a coil-driven rigid disk at any frequency. The bulk of the 
energy is concentrated over a comparatively narrow frequency band. 
It follows that a rigid disk driven by an elastic reed is useless for 
loud-speaker work. In practice, however, reed-driven speakers give 
tolerably good results over a limited frequency range. The reason 
is that the ‘break-up’ of the diaphragm acts in such a way that a 
fairly uniform output is obtained over a definite frequency range [96 a]. 

9. Optimum mass of moving coil 

(a) Hornless speaker. It is natural to anticipate that under given 
conditions there is a certain coil mass for which the output is a 
maximum. When the total electrical reactance of the coil in 
motion, is small compared with the valve resistance, the condition 
for maximum distortionless output is (Rq-\-R^ == 9 !?^, where 9 is 
a constant determined from the valve characteristics. For a triode 
it usually lies between 2 and 3. We have, therefore, to choose a coil 
which gives the maximum output when this condition is satisfied. 
The power radiated as sound is 
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From (19), Chap. VII, 




(16) 


and of this (which includes inherent mechanical loss) the portion 
due to sound radiation is 


^r— ~2~’ 


(15a) 


where z| = r^+a)®(m'+m^)^; m'f = mj+m< and m[ is the effective 
mass of the diaphragm alone in vacuo. The electrical impedance 
when the coil vibrates is Z = ^{(i?Q+-Bm+-Bo)*+‘^*^i}- Since 
{-®o+-®a) hornless speaker, and by hypothesis wXj can 
be disregarded, we have Z == (J?o+J?o). Thus the optimum condition 
is == 9 i?a and we obtain 

Z=((p+l)i?„. ( 16 ) 

Substituting the values of Z and 2?, from (16) and (15a) in (14) 
the power radiated is 

(f+lfBlzf 

where K = 

But w?g = P 2 IA ; so 

.Jx 

J2 _ Rq^c 
P i P2 

where — specific resistance of wire of coil, 

P 2 = density of wire of coil. 

Since i?o = (?Ra we have from (18) 

P = 

PiPz 

Substituting the value of from (19) in (17) wo obtain 


(17) 


(18) 


(19) 


F = 


Kinig 


( 20 ) 


where m' includes coil former, coil insulation, diaphragm and acces¬ 
sion to inertia, i.e. everything but the wire on the coil. 

The maximum value of P for varying coil mass is found by 
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differentiating (20) and equating to zero. Thus the required condi¬ 
tion 18 ^ = Zg, 

or m, = iV(r|-ha,X") = (21) 

a> a> 

which being interpreted means that the coil reactance is equal to the 
diaphragm impedance. It should be noticed that the analysis is 
valid whether the diaphragm moves as a rigid structure or not, 
provided there are no violent fluctuations in mechanical impedance 
which introduce appreciable electrical reactance. For ordinary horn¬ 
less speakers the analysis is valid from about 120 up to 2,000 ~ 
after which frequency the inductive reactance becomes important. If 
the latter is incorporated in the equations by substituting 
the analysis becomes unduly complicated and loses practical interest. 
Owing to variation in and m' throughout the audible register, the 
optimum mass varies with frequency. Some data pertaining to this 
aspect of the problem are presented in Table 14. 


Table 14 

Showing optimum coil mass at various frequencies 


Frequency. 

Effective mass 
of diaphragm, 
coil-former, etc. 

//#; (7w ) 

Mechanical 
resistance, 
r^ {niech. ohms) 

Optimum 
coil mass. 

\ 

150 

22 

negligible 

22 

1,800 

-7 

0-8 XIO* 

11 

3,000 

-1-5 

3*2x104 

2*26 


At low frequencies, where the diaphragm moves as a whole, the 
optimum coil mass is equal to that of the diaphragm. As the frequency 
rises the impedance of the latter falls, so also does the optimum coil 
mass. For a rigid disk the optimum coil mass would be the natural 
mass of the disk plus the accession to inertia. Beyond the fre¬ 
quency where ka = 0*43 it would decrease with fall in 

In any hornless speaker the coil mass must lie between definite 
limits for good tonal balance over the frequency range to be covered. 
A heavy coil reduces the amplitude at high frequencies and the upper 
register is curbed. On the other hand, a very light coil means that 
the optimum condition probably occurs in the neighbourhood of the 
cone resonances, which are then unduly enhanced. The result is 
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aurally distressing, being reminiscent of juvenile paper-and-comb 
orchestras. 

(6) Horn speaker. In a hornless speaker the radiation resistance 
is a much smaller proportion of the static coil resistance than in a 
horn speaker. It was, therefore, neglected in (a) above, but will now 
be taken into consideration. Formula (17) stands unaltered but we 
have to find a new value for Z^. The optimum condition is that 
Rq-\-R^ = Inserting the value of R^ from (18) and that of 

from (15 a) we have 



Substituting the value of Z^ from (22) in (17) we get 


p ~ _ __ _ /23) 

where k^ = r^B^ and k^ == By differentiation the optimum 

condition is found to be 




(24) 


which is identical with the previous case. 

There are several practical points worthy of mention in connexion 
with this analysis. No restriction has been placed on the number of 
turns, the radius, or the length of the coil. A tacit assumption is 
made that the iron loss increases or decreases proportionately to 
coil resistance, i.c. it is equivalent to the specific resistance being 
greater than its normal value, but constant. This, however, is not 
of much importance. In a horn speaker the effective mass of the 
system, apart from the coil, depends upon the surround and the 
throat-chamber stiffness. The effective resistance is also affected 
by the latter. To find r^ and m' the procedure is that outlined in 
Chapter XX. m' = where is given by (5) in Chapter XX. 

Since the mechanical impedanceapart from the coil, 
varies with frequency, the optimum coil mass varies also. If the 
optimum coil could be used throughout the frequency range, we should 
have = 'sJ{{rJa))^-\-m'/}, Data bearing on this topic are set forth 
in Table 15, these being computed from Chap. XX, § 2. 

The coil mass increases rapidly with fall in frequency. The large 
negative effective mass m' at 100 ~ is due mainly to the surround 
constraint. At zero frequency it is infinitely negative (see Chap. IV). 
Above about 1,000 the negative value of m' is associated with the 
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chamber stiffness (see Chap. XX or Chap. IV, § 8). For uniformity 
of output from 100 to 4,000 ~ the actual coil mass is less than 
a gramme, i.e. about the optimum value at 2,000 If the optimum 
were chosen as say 3*23 gm., as it would be at 500 <^, the upper 
register would be appreciably attenuated. Hence, as in the case of 
the hornless speaker, the coil mass must be chosen carefully for good 
tonal balance. 

Table 15 


Shoiving optimum coil mass for horn speaker 


Frequency, 

Mechanical 
resistance, 
r, (mech, ohms) 

Effective inass of 
diaphragm alone, 
m, (gm.) 

Optimum 
coil mass, 
(gm.) 

100 

10* 

-16-7 

23-1 

200 

10* 

-3-8 

8-8 

600 

10* 

-0-44 

3-2 

1,000 

10* 

-012 

1-6 

2,000 

9-6x108 

0 

0-8 


In Chap. XX, § 3, it is of interest to observe that the coil mass is 
chosen from the relationship m^ = 2rju)c, where o)J2tt is the upper 
cut-off frequency. On the basis that the coil reactance is equal to 
the diaphragm impedance, we should have or m^ = rja). 

Thus the coil mass would steadily increase with fall in frequency. 
The formula m^ = 2rJ<t)^ gives a coil where the optimum condition 
occurs at wJtt, but this is outside the range covered. 



IX 

ELECTROSTATIC SPEAKERS 
1. General principles 

The essential components of a simple electrostatic speaker are shown 
diagrammatically in Fig. 56 a. One plate is fixed, the other plate 


(a) 

Movable olate ?■, 



(a) Schematic arrangement of electrostatic speaker. 

(b) Valve circuit diagram of electrostatic speaker, the grid voltage being Eg. 

(c) Equivalent diagram of electrostatic speaker. The impressed voltage is 

E = iiEg. (7,„ is the motional capacity and the static capacity when 
the dielectric thickness is (d —c). In §§ 3, 5, speaker signal voltage 

Pg being movable and therefore responsible for sound radiation. If 
a steady n.c. voltage was applied between the plates, the attractive 
force would cause to approach and ultimately stay there unless 
prevented from doing so. This action follows from the law of inverse 
squares, namely / oc Ejd^. It is imperative, therefore, to introduce 
some form of elastic constraint between P^ and For analytical 
purposes it is immaterial how this is effected, so long as the force- 
displacement law is known. To make the analysis tractable we 
must perforce deal with linear differential equations. Thus the force- 
displacement law should be linear. Accordingly we postulate a thin 
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dielectric substance in which the law of compression is / = sx, where 
X is the displacement in the direction of/. 

If an alternating voltage be applied across siRce the 

attraction is independent of polarity, the diaphragm moves towards 
the plate during each half cycle. The relationships are indicated in 
Fig. 67 A, where curve 2 corresponds to the acoustic output. It can 


(a) 



Fig. 67. 


(а) Diagram illustrating electromechanical rectification in electrostatic 

speaker, when used without a polarizing voltage. 

(б) Illustrating condition for stability in electrostatic speaker. 

be resolved by Fourier’s theorem into an infinite series of frequencies. 
The sine wave input is, therefore, reproduced with an infinite retinue 
of harmonics, and electromechanical rectification ensues. If a polariz¬ 
ing voltage, large in comparison with the signal voltage, is superposed 
thereon, the action of the device undergoes a remarkable trans¬ 
formation. The steady voltage causes the dielectric to be compressed 
by an amount e. The signal voltage causes a fractional variation in 
the compression according to an harmonic law. When the signal 
voltage is additive, the dielectric is compressed c+Ac, whilst at the 
middle of the next half cycle it is compressed e—Ae. The force varies 
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as but if Ae is a small fraction of the dielectric thickness, the 
variation with distance can be disregarded and the action is linear. 
Thus, if the dielectric is massless, the device reduces mechanically to 
an harmonically driven mass on a simple coil spring. The diaphragm 
is the mass, the dielectric provides the spring effect, whilst the 
alternating electric force does the driving. Under such conditions 
the acoustic output will be a replica of the voltage input, provided 
the amplitude of vibration is minute. 

The effect of the polarizing voltage is twofold, ( 1 ) it minimizes 
rectification, ( 2 ) it enhances the sensitivity enormously. The latter 
effect is readily shown by analysis as follows: 

The force per unit area f oc (Eq+E)^ ( 1 ) 

where Eq = polarizing voltage 

and E — signal voltage on speaker. 

Expanding ( 1 ) f oc EI-^2EqE-\-'E^, ( 2 ) 

In the absence of Eq the force due to the signal oc With polari¬ 
zation force due to the signal a 2Eq E, ( 3 ) 

where E^ is neglected, since E is assumed small in comparison with 
^ 0 * Thus the polarizing voltage increases the driving force in the 
ratio 2Eq EjE^ “ 2EqIE, so the power is augmented (4:El/E^)lold, 
li E = Eq/10 the output is increased 400 times. A like effect obtains 
in telephone receivers with magnetic reeds or diaphragms, due to 
polarization by the permanent magnet. The fact that a telephone 
characteristic is non-linear accounts for sound reproduction from 
radio broadcasting when 'phones are used direct in the aerial circuit. 

We can now examine the problem in greater detail [23]. Suppose 
the signal voltage consists of two sine waves of different frequencies, 
so that E = E^GO^<x}-^t+E 2 ,QO^(x)^t, The total voltage impressed on 
the speaker is Eq-{- E^ cos t-\- E^ cos cog the force 

f oc [iS?o+COi ^+-£?2 0 ^ 2 (4) 

Expanding (4) and using the identities cos^^ = ( 1 +cos20)/2; 
2 cos 0 cos 0 = cos( 0 +<^)-f cos( 0 —^), we obtain 
f oc El-\-\E\-\- 2 ^ 1 + steady inaudible 

+ 2Eq{E^ cos 16/2 cos CO 2 1) + signal 

+ \{E\ cos 2 a>i j®! cos 2(ji)^ t) + double frequencies 

j& 2 [cos(ca 2 -fco 2 )^+cos(a>i— 0 ^ 2 )^] sum and difference 

frequencies. (5) 
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The output contains four alien frequencies whose individual powers 
depend upon the square of the ratio of signal to polarizing voltage. 
Let = j ®2 = power ratio of each double frequency 

to the signal is {EJ4:Eq)^ = and for the sum and difference 
frequencies it is Expressed in decibels the signal is 24 db. 
above each double frequency and 18 db. above each difference 
frequency. On the whole, therefore, we see that the law of attraction 
f oc (voltage/distance)^ inhibits large amplitude and sensitivity. In 
practice, to avoid creation of alien frequencies of appreciable mag¬ 
nitude, it is imperative to operate over a limited portion of the 
characteristic where the arc of the curve is substantially linear. 

The compression of the dielectric due to the polarizing voltage 
Eq is €. If the unstrained thickness is d, the distance between the 
plates is d—e (Fig. 56 a). The total attractive force is 


where 


kAE I ^ 

S7r(d — 

Cl = Eob 




nd 6 = l/(d~ 

The capacity of the condenser is 

^ kAB 


so ( 6 ) can be written 


27rElCl 


where Qq = EqCq the total charge on the plates. During operation 
the charge varies, so o 

(9) 


where Qf = (Qo+Q), and Q — charge due to signal voltage. 

Using ( 6 ) and replacing Eq by Eq+E, when El ^ E^ and df ^ 

(d^ = d—e), it can be shown that the driving force 

approximately. To avoid distortion / must be proportional to E the 
signal voltage, so E/Eq > f/dj. If the largest permissible value of 
E/Eq is J, that of ^/dj probably lies between and This reveals 
a serious amplitude (f) limitation in a system operating according to 
the law / oc E^df, A large vibrating area is required therefore to 
obtain appreciable low-frequency sound output. 



( 162 ) 


2. Limitation of voltage 


When a constant unidirectional voltage Eq is applied to the plates, 
the condition of equilibrium is, force due to Ef^ = constraint due to 


dielectric, or 


kAEI 

8 v{d—e)* 


( 10 ) 


To investigate the condition of stability it is convenient to plot 
kAE^ 1 

Vi — -g - ” ^2(2 = ®'S shown in Fig. 67 b. Curve 1 is 

wholly above the straight line = se, so (10) is not satisfied and the 
system is unstable. Curve 2 cuts the line in two points B and Z), 
the former representing the desired condition of stability. The point 
D would be reached if sufficient external force were applied to the 
movable plate to reach d^. If the voltage were now increased slightly, 
instability would ensue. Obviously d^ represents the ultimate ampli¬ 
tude limit due to the signal. From the above it follows that the con¬ 
dition for stability is that the rate of change of force with distance 
must be less than the coefficient of stiffness, i.e. By^jde > Syjde or 
s > KAEll{A7r{d—€Y). This argument is apphcable where the rela¬ 
tionship between elastic force and distance holds, for values of (d—e), 
right down to zero when the plates touch. With a thin sheet-rubber 
dielectric a point is reached after which compression substantially 
ceases and instability is prevented. Since the force-displacement 
relationship is then non-linear, the output contains alien frequencies. 


3. Equations of motion 

Considering the forces acting on the diaphragm we have 

reactive-)-resistive-t-constraint = driving force, 
or, symbolically, 

( 11 ) 

Equation (11) is not linear since it contains a term in C®. Conse¬ 
quently its solution involves a Fourier expansion. Now 

{Qo+Qf = Ql+^QoQ+Q^ 

and when Q 1®'®!' l®rm can be dropped, and the equation 


(12) 
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From (8) and (10) the steady force due to is ae — {2irlKA)(^, so 
(12) becomes m^D^^+r^Di+ai = C^Q, (13) 

where Ci == ^^ttQJkA = E^b, from (6) and (8),* It is important to 
notice that is the alternating force per imit quantity of electricity. 
This compares with C, the force per unit current in Chapter VII. 
Since Q == IjD = //ico, it follows that the equivalence of electro¬ 
magnetic and electrostatic systems under steady conditions is ex¬ 
pressed by the formula CJ/co^ = C^. 

Considering the circuital e.m.f.s, we have 

motional-freactive-f resistive = driving. 


Thus 

^-\-RDQi — Eg-\-E, 

(14) 

or 

[%-Eo]+^+SDQ, = E,^ 

(14a) 

where 


(15) 


Qt = Qo+Q 4 = EgOg+ECJ^il+CJ^ClR^), 

(15a) 

JSJo—Qo/^o(l+^^) e.m.f. due to capacity change arising from 


motion of the armature and is the e.m.f. to send the 

current through the condenser, i.e. the reactive component. From 
(14a) and (15a) ^ ^ 

Since ^ occurs in the denominator of the second term in (16) the 
equation is unsuitable. If, however, ^ is small compared with 1/6, i.e. 
6^ 1, (16) can be written 

+ {l-H) = ^+E 

or E ^ RDQ+^-Cj_^, (17) 

where (Q^jC^b^ = is the back e.m.f. due to motion of the dia¬ 
phragm which causes a variation in capacity. The term Qb^jC^ is 
neglected since Q is small compared with Qg. 

We have now to solve (13) and (17). From the former we obtain 

^ m,D^+r,J)+a‘ 

* Cl C = force per unit signal voltage on speaker, f Impressed voltage (Fig. 660 ). 
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Substituting the value of ^ from (18) in (17), writing Q = IjD and 
D = ico for the steady state, we get 


E 




B- ^ 

0^0 s/o)) 


j 


From (19) the electrical impedance of the complete circuit is 


Z = j = R 


i , (Gf/w2)[r^—i(a)me—s/a>)] 

y ” 1 “ 


u>Q 


or 


r‘e+(<om^—s/(o)<‘ 

Z — (i?+i2„,)+i|wi/„j—j. 


(19) 

( 20 ) 
( 21 ) 


In this formula iZ and are the total circuital resistance and 
capacity, respectively, in the absence of vibration. The motional 
electrical resistance 


\cj^)fj+{cjme—sja))^ \a>yzf 
and the motional electrical inductance 

r _/CfU«/a)2)-We 


( 22 ) 


(23) 


where the mechanical impedance ■]- (wm^,— s/cd)*}. The above 

can also be expressed as a motional capacity, thus 

a)^L„ 




1 _ I 


COS*0) ’ 


(24) 


where the mechanical power factor cos 6 = rjz^. The circuital current 


IS 


_ E 


(25) 


These formulae are identical with those given in Chapter VII for the 
moving-coil loud speaker excepting that (Cf/a>^) is written in place 
ofC*. 

From (16), Chap. VII, the relationship between the electrical and 
mechanical systems in the present instance is obviously 



2e^m = 

II 


(26) 

Thus 

= (^ 



(27) 

and 


/Cf 

Wi 

'zi' 

(28) 


The preceding electrical quantities pertain to a series arrangement 
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of the circuit. For the parallel arrangement of Fig. 51 c we have from 
(19), Chap. VII, substituting Cf/co^ for G® 



for steady conditions. 






1 

Ts' 


and 


CL = 



(29) 


4. Magnitude of motional capacity 

To obtain an approximate estimate of C^ take the following data: 

Circular diaphragm in infinite baffle . a = 20 cm., A = 1,257 cm.® 

Thickness of rubber dielectric . . d = 6 x 10~® cm. 

Mass per unit area of diaphragm and 

dielectric ..... = 6x 10~® gm. cm.-® 

Young’s modulus of dielectric . . g = 5x 10* dynes cm.“® 

stress f I * 

Then since = O' = 4 the force per unit compression is 

strain ^ A 


I d ’ 


(30) 


where d replaces Z. 

From these data s = 1*26 x 10^^ djnues cm.“^ for the whole area. 
Turning to (24), the formula for we have to find the effective 
mass of the diaphragm per se. This is a complex problem, since the 
amplitude at any point in the dielectric increases from the fixed plate 
to the armature. For the moment it will be taken as one-half the 
natural mass. This gives a value 31*4 gm. to which must be added 
the accession to inertia Below 125 ~ it is fpa® for one side, this 
being 28 gm. The total mass is therefore 31-4+28 = 59-4 gm. At 
100 ~ s/o)^ is 3-13x10®, so that is completely swamped. This 
occurs throughout the audible register. It is easy to show that r| is 
also insignificant, so that co^W < 1 and we can write 


r ~ — 

q- 


(31) 


Now Cl = EQb, so with Eq — 500 volts and b = ll{d—€)= 25 we 

obtain l*26yl0^^ 

= -(r.25x“l0i®)®^®'" = 8X 10* microfarads,* 

which shows that the back e.m.f. due to motion of the armature can 


* Note conversion of volts to absolute electromagnetic units. 
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be neglected. This follows since (7^ > Co the latter being much less 
than a microfarad. Consequently the speaker can be treated as a 
rigid disk 20 cm. radius with axial constraint 8. The driving force 
at any frequency depends upon the relative impedance of the power 
valve and speaker, also upon the type of output circuit. 


5, Performance 

From (22) since both and the mechanical impe¬ 

dance 4= 5/a>, and 


B, = cr- 


(32) 


Referring to Fig. 56 c the power radiated is where 


j R R oiC/Q R 


(33) 


since both and l/a)C[„ <R. 
Thus 


" s^i+w^ciR^y ^ ’ 

From (13) the driving force is f = C^Q — RCoCi/(l-{-o)^ClR^y, so 




If > 1, = const.. 


P=l^^!\r.. 




(35) 

(36) 


Accordingly the output is constant provided is independent of 
frequency. For a rigid disk 20 cm. radius in an infinite baffle, rises 
gradually up to 500 after which it is substantially constant. Thus 
the power is invariable down to 500 ~ after which it decays. Below 
125 ~ it varies inversely as the square of the frequency. If, however, 
the radius of the plate is increased to such a value that the wave 
propagation remains sensibly plane down to 100 the output will 
be constant. To secure this condition the radius a === 100 cm., so the 
diaphragm will be about 7 feet diameter. 

Reverting to our 20 cm. diaphragm, if we assume 1 at 

500 B is of the order 10® ohms which suggests the use of a pentode. 
The radiation resistance B^. == r^Cys^x 10-® = 5x 10-® ohms and so 
the output is totally inadequate to be of any practical value. As we 
shall see later this is due to the enormous magnitude of s, the stiffness, 
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which prevents an adequate amplitude being obtained. If B were a 
triode of 1,600 ohms resistance, then 1, and above 600 

/ is constant, so p 2 ~ 


PIP increases as the square of the frequency above 600 ^ and decreases 
as the fourth power below 125 Here again the output is too small 
for practical requirements. The power can be levelled up to some 
extent by aid of an auxiliary choke or an autotransformer as shown in 


(a) 



lb) 



Fig. 68 . Valve circuit diagrams of electrostatic 
speaker. 


Fig. 58 A, B. In both cases resonance is obtained at a certain frequency, 
and thereafter the inductance in circuit reduces the voltage on the 
speaker as the frequency rises (see § 11, Chap. XIII). 

6. Effective mass of dielectric 

As a point of interest, before passing on to the next section, we pause 
to consider the mechanical action of the dielectric by a more rigorous 
method than that adopted previously. Neglecting lateral expansion 
and contraction, the dielectric within its elastic limit can be likened 
to an extremely stumpy bar fixed at one end and acted upon at the 
free end by an harmonic force. This again can be simulated by a 
short electric cable with one end free, a driving e.m.f. being applied 
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to the other. The sending end impedance is 

Z = ZoCothPZ, (38) 

where Zq = surge impedance of infinite cable 

P == propagation constant = io}^J{LC), both of these values 
implying zero loss; 

L,C = inductance and capacity per unit length respectively 
and I = length of cable. 

Thus Z = J^coth.[i<ol^{LC)] =-iJ^cot[c,l^{LC)]. (39) 


Translating (39) into its mechanical analogue, we have 


= —i^J{mnS)oot 



(40) 


since L = mjd; C = 1/sd; d — 1; m„ — natural mass of whole 
dielectric; s — total stiffness. 

At low frequencies 1 and (40) can be written 


(41) 


co^imjs) 

In the absence of loss = iwm' so the effective mass of the system at 
the driving surface is o 

(42) 


which is identical with the value we used above. Obviously the 
effective mass is negatively infinite at zero frequency. From (40) it 
is seen that vanishes when o}^j{mJs) = ^7r(27i+l), since resonance 
occurs due to the wave refiected from the fixed plate. For the case 
treated previously where 

s = 1-26 X 10^^ and == 63 gm. 
the first vibrational mode {n = 0) occxirs at co = \TTyj(sjm^)y namely, 
3*5 X 10® ~ which is much too high to obtain a reasonable output 
from an electrostatic speaker. The rising characteristic is explained, 
therefore, by the fact that up to 3-5 x 10® ~ the system operates on 
the lower side of the resonance curve. Thus the arrangement is akin 
to working a short-wave radio circuit at medium wave-lengths—^the 
signal strength is conspicuous by its absence. 

From formula (40) it is seen that a family of effective mass curves 
similar to those of a vibrating reed are obtained (Chap. IV). The 
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essential difference is that in the present case (which holds equally 
for a short bar driven at its free end), the motion is longitudinal, 
whereas in the reed it is flexural. 

The preceding analysis of effective mass is valid only in the ideal 
loss-free case in vacuo. In air it would be essential to introduce 
resistance and accession to inertia. This, however, would upset the 
simplicity of our present argument and will not be studied here. 

7. Effect of reducing the stiffness (s) 

We have already seen that working below the fundamental resonance 
frequency of the system entails a rising characteristic. Also that a 
very high resonance frequency means correspondingly low sensi¬ 
tivity. To reduce s and retain the present mechanical system, the 
dielectric thickness must be increased. Since this also lessens the 
sensitivity such procedure is impracticable. Instead of squeezing 
a laminar dielectric, suppose the mechanical construction to be such 
that a reasonable length is in direct tension. The stiffness will then 
be reduced enormously. An arrangement of this nature is described 
and illustrated in Chap. XIII, §11. It is clear that the sagging portion 
in each channel or depression is a vibrator of the stretched membrane 
type investigated analytically in Chap. IV, § 15. The fundamental 
frequency can be much lower than that in the previous type of 
speaker. It can be varied by altering the size of the depressions 
or by increasing the tension. If the fundamental were 100 then 
owing to close intervals between the modes of the membrane, a large 
number of modes would occur up to 5,000 Assuming adequate 
damping, there is no apparent reason why the resonances should be 
distressing. There is a secondary source of stiffness and loss due to 
the presence of the hollows and perforations in the back plate. During 
vibration the air between the membrane and the plate is alternately 
compressed and rarefied. At low frequencies it escapes readily by 
the perforations thereby introducing a mechanical resistance which 
subdues the resonances. As the frequency rises the pneumatic 
stiffness of the air-pocket becomes of importance, since the air does 
not escape so easily. This will modify the behaviour of the system. 

8. Circular membrane type [30b, 31, 32] 

This is shown diagrammatically in Fig. 59 and described in Chap. XIII, 
§ 12, to which reference should be made. For anal 3 rtical purposes the 
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diaphragm is equivalent to a membrane devoid of inherent stiffness. 
Assuming for simplicity that the distances between the membrane 
and either fixed electrode (grid) is constant at all radii, the forces 
per unit area on the two sides during operation are, respectively, 

proportional [26] to and > where is the 

polarizing voltage and E the signal voltage across the grids. The 



Fiu. 59. Diagrammatic views of stretched membrane 
electrostatic speaker. 


resultant force on the membrane varies as the difference between 
these quantities, so 

^ 2 J> (43) 

the term in E^ being neglected since E^ ^ E. Let h = i/d and (43) 
becomes [30 b] r El 

To obtain a linear relationship between/and E, the conditions are 

(а) , E{l-{-h^)l2Eff^h, or approximately since 1; 

(б) 1 A*, as implied in (a), so d ^ Condition (a) means that the 

signal voltage must be an appreciably greater proportion of the 
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polarizing voltage than the amplitude is of the distance between the 
membrane and either grid. If the maximum value of Ej^E^ is taken 
as ^ should not exceed d/20 say. The ratio E/2Eq must itself be 
limited to avoid the introduction of serious alien frequencies due to 
mechanical rectification as shown in § 1. Using the above restrictions 
in (44) we obtain the linear relationship 

tec (46) 

The foregoing rests on the assumption that the membrane moves 
with equal amplitude throughout, the force being uniformly distributed 
over its surface. Practical conditions differ in several respects: (a) the 
membrane is curved during vibration; (6) the distance between it and 
the grids increases from the edge inwards to allow adequate clearance 
at the centre; (c) the driving force is not uniformly distributed over 
the surface, since the grids have slots or perforations through which 
the sound can escape. Since the apparatus is too complex for rigor¬ 
ous treatment, it will be replaced by a suitable model. Accordingly 
we take two uniformly spaced fiat grids having circular perforations 
of small radius, the membrane being symmetrically situated between 
them. The perforations are to be ignored and the force per unit area 
assumed constant on both sides of the membrane. The sound radia¬ 
tion will be regarded as that from a diaphragm open at both sides 
operating in an infinite baffle in free air. Owing to focusing of the 
radiation the baffle is unnecessary above a frequency of 500 ~ for a 
membrane of radius a = 20 cm. The shape of the diaphragm during 
vibration depends upon the distribution of pressure over its surface 
and vice versa so that neither can be readily evaluated. As a first 
approximation the shape of the diaphragm in vacuo will be used at 
resonant frequencies, as shown in Chap. VI, § 3 where the power 
radiated from the membrane is determined. 

9. Power at non-resonant frequencies 

Although the shape might be taken as at (45) Chap. IV, f is not in 
phase with the velocity, since the mechanical impedance per unit 
area is now of the form Zg = r^+i(oin^. Difficulty is encountered with 
the pressure distribution over the surface, so the problem will be 
treated in a simpler manner. The experimental work on disks and 
conical shells described in Chapter XVI indicates that above the first 
mode, variations in are curbed considerably due to losses. With 
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a very light membrane there is no reason to doubt the validity of this 
statement. Accordingly above 600 ~ (A;a > 1-9) the membrane will 
be simulated by a rigid circular disk of equal mass and radius in an 
infinite flat baffle. The power radiated from both sides is 


or 



(46) 



Fig. 60. Comparison of measured (curve 2) and cal¬ 
culated (curve 1) output curves of stretched mem¬ 
brane electrostatic speaker. 


where zl = 5 gm. being the diaphragm mass. Since 

ka > 1*9, the mechanical resistance = 2pqcA, whilst 

2pn CA GJ’o 

Mi = \ 

CD 

as shown in Chapter III. Performing the requisite calculations for a 
diaphragm 20 cm. radius, the ratio P/i^ is plotted in Fig. 60, curve 1.* 
Apart from the maximum at 1,000 ~ it is fairly constant up to 
2,000 ~ after which it decays with rise in frequency. The lack of 
pronounced variation in P/P from 600 to 2,000 ~ is due to r^, being 
large in comparison with the mass reactance. At higher frequencies 
the latter becomes of greater importance, so the amplitude, and there¬ 
fore the output, is reduced. Curve 2 of Fig. 60, arranged to be at zero 
level with curve 1, at 1,000 illustrates the output from an actual 


Hi 


P P 
If i. = - - 
P (fA)* 


is used, the curve is the same shape; f and E assumed constant. 
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speaker. Naturally owing to vibrational modes it shows greater 
fluctuations than curve 1, but the general trend is of the same char¬ 
acter. Above 3,000 ~ curve 2 decays more rapidly than curve 1, 
since in the latter case no allowance was made for (a) mechanical loss 
which increases with frequency; (b) reduction in voltage across the 
speaker due to fall in reactance relative to the remainder of the 
output circuit, as shown in Fig. 85. 


10. Comparison of power at resonant and non-resonant fre¬ 
quencies 

When ka > l-O the power ratio for constant driving force is that of 
formulae (13), Chap. VI, and (46) above. Thus 


<P 


2zj 


PocAr^ 


(47) 


since 2pcA 

Substituting the value of z| from the previous section in (47) we 
obtain 

(48) 


9 = 2^l+^^{5+m,r . 


From 500 to 1,000'—' 9 is nearly 2, and increases with rise in 
frequency, owing to the influence of mass reactance. At the gravest 
mode (130 —') ka = 0-5 and P is 4-3 times its value when ka > 1-4. 
Thus 9 is 8-6, but in practice the electrodes are specially shaped 
to cause large damping at the centre of the diaphragm, so the 
output at 130 z— is of the same order as that at higher modes, 
as shown in curve 2, Fig. 60. It is, of course, to be expected that 
the output at resonant frequencies exceeds that at intervening 
points. 


11. Axial pressure 

On the axis ^ = 0, so from (23 a) Chap. V the pressure in free air or 
in a ‘dead’ room is £ „ 2 r t/i. ..m 

<«) 

and has zeros corresponding to the roots of Jyjjc^^a), i.e. = 3-83, 
7‘01, 10'17, etc. the frequencies in vaxnjuo being approximately 490, 
900,1,300 —In an ordinary room, apart from standing wave effects, 
the axial zeros would be obliterated by reflection. From Chap. VI, 
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§ 3 the axial velocity at a resonant frequency is 


P 

= 0 A 




(60) 


where A = 

Substituting this value of in (49) the axial pressure is 


puiP 


(61) 


since A — ira^. 

The result in (51) shows that when P and f are invariable, the 
axial pressure at a definite distance increases directly with the 
frequency of the vibrational mode. Owing to losses, the diaphragm 
shape is modified and the axial pressure will not increase so rapidly 
as (61) indicates. Above a certain point it will decrease due to increase 
in frictional losses. 


12. Influence of accession to inertia 

As shown in Chapter IV, the diaphragm mass is so small that the funda¬ 
mental mode is reduced from 310 ~ (its value in vacuo) to 130 in 
air, due to accession to inertia which is about 1 ‘5 times the mass of the 
diaphragm. The frequencies of the higher modes in vacuo can be 
determined from the roots of From C'hapter IV the first root 

k^a = 2-4 corresponds to 310 so the remainder found by simple 
proportion are 710, 1,110, 1,620, 1,930 and so on at intervals of 
approximately 400 Accordingly at higher frequencies there are 
several modes per octave. 

13. Numerical example [30 b] 

If E is the signal voltage applied to the outer grids, as shown in Fig. 
69, the force on the diaphragm, neglecting perforations, is 

,EE,A 

" 477^2 ' 

d being the (uniform) distance between the membrane and either 
grid. Taking a = 20 cm., d = 1-2 cm., E = 300 volts, E^ = 1,600 
volts, the total force driving the membrane is 2*25 x 10^ dynes. In 
a good hornless moving-coil speaker the force for J this voltage varia¬ 
tion on the power valve would be about nine times as great. For 
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the electrostatic speaker at 130 ~ formula (13), Chap. VI, gives 

p -= = 0*01 watt. 

PqcA 

Also from (50) the central amplitude is 0*11 mm. This amplitude at 
130 ~ corresponds to the use of an infinite bafile, but without grid 
damping of the membrane. In practice the power is about ^ of the 
above value and the corresponding amplitude is 0*05 mm. It is im¬ 
portant to notice that if the separation d were reduced from 1-2 to 
0*5 mm. the increased driving force would cause an amplitude of 
0*3 mm. It might be thought that the criterion 1 of 

§ 8 is violated, thereby introducing alien frequencies in the output. 
It must be remembered, however, that in practice the membrane is 
curved, whereas the above criterion refers to equal amplitude through¬ 
out. For equal power in the latter case, the amplitudes corresponding 
to d = 1*2 mm. and 0*5 mm. are, respectively, 0*024 mm. and 0*14 mm., 
so Edl2EQ^ = 5 and 0-36. The first figure is satisfactory, but the 
second involves serious distortion. Owing to increase in driving force 
with decrease in d, the amplitude is increased. Thus Edj^E^^ 
decreases, and there is a minimum permissible value of d, however 
small the signal voltage may be, if distortion is to be avoided. Hence 
the greater the sensitivity or force per unit signal voltage, the smaller 
the permissible amplitude and power output before serious distortion 
occurs. In practice the radiation, inherent losses and grid damping 
are adequate to make the nodal circles positions of minimum ampli¬ 
tude. Consequently the shape of the diaphragm alters progressively 
throughout a cycle, so the minimum d and maximum | are best found 
experimentally. Obviously owing to inequality of | over the mem¬ 
brane, the central value can exceed that found from the distortion 
criterion. 

The above argument and numerical data reveal the limitation of 
the electrostatic speaker dependent upon the square law foe {Ejd)^. 
It is not generally realized that the restriction of signal voltage is of 
less importance than that of amplitude. For large power output the 
obvious escape from this dilemma is to augment the area in vibration 
by using a plurality of units. 

According to (50) since P/f is constant for uniform output at 
vibrational modes 


1 r ^ 1 
co|^t/^(fc2 ^) J oA 


(52) 
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At the first mode kia = 2‘4, A = 0*217, whilst at the fifth mode 
with four nodal circles k^a = 14*93, A = 0*0138. Assuming at the 
latter mode to be negligible, the frequency is 1,930 ~ and |o is 6 per 
cent, greater than its value at 130 which is taken to be 0*05 mm. 
This is associated with enhanced spatial interference due to oppo¬ 
sitely vibrating annuli on either side of a nodal circle, so the central 
amplitude must be adjusted accordingly to give compensation, 
thereby preserving constant output. If the membrane moved as a 
whole, ^0 cx 1/co at higher frequencies where ka'^ \’9. 
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1 • Fundamental equation 

On the assumptions given below, the theory of sound propagation in 
a horn can be established. The consequences of the assumptions will 

(a) 



be discussed later. The analysis is admittedly approximate because 
rigorous methods have not been developed yet. In any case they 
would introduce real analytical difficulties. In the long run one might 
be compelled to present the solution as a series of special cases all 
requiring considerable arithmetical labour before a satisfactory result 
is obtained. Meanwhile a good deal of useful information for design 
purposes can be derived from an analysis, which, although approxi¬ 
mate, has been of signal service in the design of modern loud-speaking 
apparatus. 

Consider the arrangement shown in Fig. 61a where Sx is a short 
axial length included between two parallel planes normal thereto. 
The volume of this element is ASx, where A, the cross-sectional area, 
is given as an arbitrary function of x. Using the method of Chapter II 
for infinitesimal amplitudes, we see that the change in the mass of 

3837.3 ^ 
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fluid per unit time, in this constant volume, due to condensations and 
rarefactions concomitant with the passage of sound waves is 

-Ms* 

a ■ 

Sx being invariable with time. The difference in the mass of fluid 

'rklonck liaoirinrr thiS bft lTl g p 


entering one plane and leaving the other is p- 


times the change in ‘velocity-area’. 

By virtue of the continuity of the fluid these two quantities must 


be equal, so 


d(uA) 


HpA) 

dt 


Expanding both sides of (1) we get 




From (29), Chap. II, u = from (1) and (32) ^ ^ ^2 ’ 

and for infinitesimal amplitudes p -= pQ, whilst dAjdt — 0, since the 
area at any value of x is independent of time. Using these sub¬ 
stitutions in (2) we obtain 


1 

A ^ dt^ 


(3) can be written [67] 


^log^ 

dx 


1 

A Dx 


Dx'^ dx Dx Dt^ ’ ' 

this being the fundamental horn equation for infinitesimal amplitudes. 

If the motion is simple harmonic, we can write 0 = cos cot, which 
gives d^(f)ldt^ = Substituting this value in (4) and remem¬ 

bering that k — o)jc, we find that 


which is the most convenient form of the horn equation. To deter¬ 
mine the propagation of sound waves in any horn, we take the 
analytic function A which represents its cross-section at various 
distances from the throat, differentiate its logarithm, insert the result 
in (5), and solve as a differential equation of the second order. 
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Before considering particular cases it is well to examine the hypo¬ 
theses upon which (5) is based. These are as follows: 

1. The shell of the horn is rigid and its inner surface smooth. 

2. As in other problems herein the motion of the fluid is irrota- 
tional. 

3. To avoid reflection and interference the axis of the horn is 
linear (no bends); also the length of the horn is infinite. 

4. The fluid is inviscid and there is an absence of friction between 
it and the inner surface of the horn. 

5. The pressure variations are inflnitesimal. 

6. The pressure is uniform over the wave front (assumed to be 
plane)* as it travels along the expanding section of the horn. 

The assumption of irrotational motion of the fluid particles has 
been taken for granted so often that it seems idle to specify it now. 
But those who have extinguished matches by draughts in the neigh¬ 
bourhood of horns or free-edge conical diaphragms, where the ampli¬ 
tude is large at low frequencies, will realize that appreciable rotatory 
motion can occur. Along the inner surface of a horn, where rapid 
change of curvature exists, there is a likelihood of eddies and 
rotatory motion. At the junction with the throat chamber careful 
design is required to reduce eddies. No experimental evidence exists 
regarding either eddies or the influence of viscosity and skin friction 
on the inner surface. It seems logical to argue that the smoother the 
surface, the smaller the curvature and its rate of change, the less 
will be the rotatory motion and frictional loss within the horn. At 
the mouth it is difficult to avoid vortices when the output is large. 

The assumption of infinitesimal pressure amplitude is seriously 
violated in the neighbourhood of the diaphragm at the throat, where 
it may be 10^ to 10^ dynesf cm.-^ This condition obtains in public 
address systems for picture theatres or the like. It is treated in 
Chap. XI, § 9. 

The equality of pressure over a plane wave front perpendicular 
to the axis is hardly in keeping with one’s notions of physical pro¬ 
cesses. If the area A is that of the curved wave front, over which 
the sound pressure is assumed to be constant, this difficulty is sur¬ 
mounted. Since the plane and curved wave fronts are almost equal 
in area, it is unlikely that the assumption of a plane front introduces 

♦ Soe last paragraph in this section. 

t Normal atmospheric pressure is approximately 10® dynes cm."* 
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discrepancies of appreciable magnitude in the theory of infinite horns. 
In a conical horn the ratio of the plane and curved wave front areas 
is constant, so the analysis is valid in either case. 

2. Conical horn 

The cross-sectional area at any axial distance x from the throat is 
A = 3 ^ 0 ) 2 , where Xq is the distance of the throat from the vertex 

(fictitious), and Q is the solid angle of the cone Fig. 61 b. 

We have a\ j 


d(\ogAJ) 

dx 


-{logQ+2log(a:+a;o)} 


Substituting this in (5) the horn equation to be solved is 

which is identical in form with (60 a) of Chapter II, where the vibra¬ 
tions of a radially pulsating sphere were in question. This is to be 
expected, since we are now treating spherical propagation in a solid 
angle Q of infinite extent. The complete solution of (6) is 

J ^-ik(x+Xo) IP 0ik(Jr+Xo) 

6= ^ , (7) 

Aj^ and being arbitrary constants. The first term in (7) represents 
a divergent wave emanating from the throat of the horn (due to a 
vibrating diaphragm) and travelling in the positive direction of x. 
The second term represents a convergent wave travelling towards the 
throat in the negative direction of x. We shall confine our attention 
to the condition where the divergent wave alone exists, which 
implies that the constant B^ = 0. The velocity potential at any 
cross-section distant x from the throat of the horn is, therefore, 

c-ikr 

^ = A (8) 

where r = x+x^. 

From (29), Chap. IT, the particle velocity is 

d6 

V = —X 
dr 
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and from (31), Chap. II, the pressure 

^-ikr 

= iAiPo(o ( 10 ) 


where the time factor is introduced before differentiation and 
removed afterwards. The acoustical impedance at any point x along 
the horn is (see definition 23) 


2 = JL — . 

“ Av A{(\lr)-{-ik) A \ 

f kr \ 

(11) 

which on rationalization of the denominator yields 


II 

lkH^-\-ikr\ 

i \+kh^ /■ 


(12) 

Thus the acoustical resistance is 





! kh-^ \ 


(13) 

A \ 

[l+k^ry 


and the acoustical reactance is 




II 

f kr \ 


(14) 

[l+kh^l 



Formulae (13) and (14) are identical with the values obtainable from 
(114), Chap. II, for a radially pulsating sphere of radius r. 

The phase angle between the total pressure and the particle velo¬ 
city is evidently ^ 

0 = tan-^~ 

= tan"*^^, (15) 

kr 

which implies that p and v fall into phase with (a) increase in distance 
from the source, (6) increase in frequency, or with both of these. 
This agrees with our results in connexion with simple sources in 
Chapter II. 

When the source is one side of a diaphragm of area fitting 
closely to the small end of the horn, the accession to inertia is 

== radiation resistance is When 

k^xl > 1, is negligible, whilst which is identical with the 

value for plane waves or for a radially pulsating sphere under identi¬ 
cal conditions, as we should expect. The radiation resistance per unit 
area is p^c, which is identical with that of the medium (see definition 
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20). The velocity of propagation in the horn is obviously identical 
with that of waves in free fluid, that is, c. 


3. Exponential horn [58] 

Here the area at a cross-section distant or from the throat is 
A = where jS governs the rate of expansion of internal area 

or flaring of the horn. d{logA)ldx — j8, so equation (5) becomes 


d^ ^<l> 

dx^ dx 


+ = 0 . 


(16) 


This is a linear equation of the second order with constant coefiicients 
and its solution depends upon the relative values of jS and The 

normal case for our purpose is when k^ > JjS®, and then 

^ = (17) 

where and Aj are roots of the auxiliary equation 

A2-f ]8A+P = 0. 

Thus (18) 

Since we are concerned with the transmitted wave only, then, as in 
(7), Bi = 0, and the solution we require is 

^ (19) 

where a = ^{k^—l^). 

Proceeding on the same lines as in § 2, 

v = (20) 


P = Po^ = 

ct 


( 21 ) 


Pow{a+i\^) 


, ^ ^ Vo" __ 

Av A{0+ia) A{oi^+^^) ■ 

Since the acoustical impedance is 

^“=x(y('-£)+4)- 

and is inversely proportional to A, The acoustical resistance is 

and the acoustical reactance 


( 22 ) 


(23) 


Po^ P 


A 2k' 


(24) 
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If the source is one side of a diaphragm of area Aq fitting closely at 
the throat of the horn, the mechanical resistance is 


— PiicA, 




and the accession to inertia = pQcAQ(^f2ka)). The phase angle 
between pressure and particle velocity, namely, 

0 = tan”^__ 

V{i~(m^)}’ 

is constant throughout the length of the horn, as also is the power 
factor COS0 = — This expression for cos0 follows from 

the fact that the vector triangle has sides 1, j8/2A:, and >^{1— 
Moreover, when ^ as it will be at high frequencies, cos0 = 1. 
The impedance per unit area is then purely resistive and equal to 
that of the medium, namely, p^c (see definition 20). If k^ = the 
resistance is zero and the reactance per unit area becomes p^c. The 
power is then zero and the horn is said to ‘cut-off’. The critical or 
cut-off frequency is given by the relationship so the fre¬ 

quency is j3c/47r. 

When P < the solution to (16) is ^ where 

cxj = Then the acoustical impedance 

2 = l{E.-l\\ (25) 

“ Av A{hP+o^i) A \2k vU/fc" )i 

and is wholly reactive, since only the inertia component exists. In 
the limit, when a> 0, 2 :^ is evanescent. 

Introducing the time factor into (19), we have = ^^e“ 0 ^+ia)a;+ia>/^ 
the real part of which is 

(f) = Aie-^P^cos{a)t—(xx) 

= Aie^^P^co8{(xx—a}t). (26) 

With a vibrating sphere or in a conical horn reduction in (f> with 
increase in due to expansion of the wave front, is determined by the 
factor l/x, whereas in the present case we have the exponential 
decay factor Comparing (26) with (17) in Chapter II, we see 

that a = ifc, so the velocity of propagation along the horn is 


6 = tan”^ ■ 


-ai) A \2k Jj 


0 ^ ' 

As the cut-off frequency is approached, ^jAk^ -»■ 1, the velocity 
increases rapidly and ultimately [according to (27)] becomes infinite! 
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It is hardly necessary to comment upon this theoretical deduction. 
In partial extenuation it may be stated that, in finite horns, the 
velocity in the neighbourhood of the critical frequency (calculated 
from the combined infiuence of the transmitted and reflected waves) 
is found to be much greater than c (see § 8). 

4. Bessel horns [56] 

When the expansion ciuwe of the horn takes the form A — Ao{x+Xo)”^ 



Fio. 62. Curves showing relationship between throat resistance and 
frequency for Bessel horns of various orders, x signifies x^x^. 


the solution of (5) involves Bessel functions. This type of horn is, 
therefore, associated with Bessel’s name. The conical horn, where 
m = 2, is a particular case in which Bessel functions of fractional 
order can be represented by circular functions. This holds for all 
even values of m. The response at low frequencies increases with 
increase in the flaring index m, as shown in Fig. 62. The physical 
reason is that as m increases, the phase angle between the pressure 
and particle velocity at the throat gradually decreases, due to the 
expansion of the wave front taking place more slowly. For horns 
of the same length it can be shown that, when the respective throat 
and mouth areas are equal, an exponential horn is geometrically 
identical with a horn of the type .4 = A{x-\-x^y^, where m tends to 
infinity. Apart from frictional and viscous loss, the exponential 



BESSEL HORNS 


185 


hom is better than any type of Bessel horn where m is finite [164 b, 
177 b]. 

5. Power in horns of infinite length 

(a) Conical hom. The particle velocity at any point distant r from 
the fictitious vertex is, by (9), 

( 1 \p-ikT 

» (28) 


where r = x+x^. At the throat a: = 0, r — Xq, and v = Vq, Sub¬ 
stituting these values in (28) we find that 

(29) 

Using this value of in (10) and omitting the exponential factor, 
the pressure per unit area is 


/ i+kxQ\ 


The power at the throat area being the product of velocity and 
total in-phase pressure (r.m.s. values) is 

p _ PpcA^vlk^xl 

Taking the strength of the source as = Sq (Chap. II, § 12) we 

p^PocSl( k^xl \ 

A, ll+**arg/- > 

If Q is the solid angle of the hom, the cross-sectional area at a 
distance Xq from the fictitious vertex is fJxg approximately. When 
Q. is small the error is negligible. Thus (32) can be written 


p ^ PO 

a ’ 


(.*) 


If Q = 27r and 0 we have the case of an infinite baffle, and the 
power ie then ^ 

27rc 2 c ’ ' 

which is identical with formula (72 a) in Chapter II for the radia¬ 
tion from one side of a rigid disk of radius a when the sound distri¬ 
bution is spherical, i.e. ka < 0*5. Formula (31) can also be written 
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When Xq oo, -4o oo, the vibrating surface becomes an infinite 
rigid plane and the power radiated from one side is 

P = PqcAow^I, (36) 

which is identical in form with (8) in Chapter VIII for plane wave 
propagation from a rigid disk. 

From (33) it is clear that when the strength of the source Sq is 
fixed, e.g. a diaphragm of given radius executing a definite amplitude, 
the power increases as the diaphragm loading is augmented by 
reduction of the solid angle of the conical horn. 

(6) Exponential horn. The particle velocity at the throat of the horn, 
where a; = 0, is = v^. Inserting these values in (20), rationalizing 
and using = (Aj^—J jS^), we get 

A = ( 37 ) 

Inserting this value of in (21), the pressure per unit area is 

p = (38) 

The power is i, 02 \ 

P'^0^0 “ Po^'^0'^0^^ 

the real part of (38) being used. Since Sq = AqVq, we obtain 



For equal diaphragm amplitudes and throat areas at any given 
frequency (identical source strengths), the relative power from 

conical and exponential horns depends upon the quantities 

and -^{1 —(j874P)} [see (32) and (40)]. These are plotted in Fig. 63 
(for a certain value of Xq), from which the superiority of the ex¬ 
ponential horn is immediately apparent. This can be explained by 
the fact that in the latter the particle velocity and pressure are in 
much closer phase relationship at low frequencies than in a conical 
horn. The slow exponential flaring near the throat is, therefore, of 
great advantage compared with the relatively rapid expansion of the 
conical type which permits, or rather invokes, considerable circulation 
of fluid near the source. This motion, being associated with an inertia 
or wattless component, curbs the diaphragm amplitude and prevents 


i 

\l+k^xl) 
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matching of the hom impedance with that of the medium (see defini-* 
tion 20). In the above comparison, if the value of in the cbnical 
horn is made sufficiently large, the diaphragm diameter being con¬ 
stant, the solid angle is reduced correspondingly. At low frequencies 
the factor 1c^xy{\-\-k^xl) is sensibly unity and the two infinite horns 
(conical and exponential) are equally efficient above the cut-off 
frequency. In practice, however, this does not hold for horns of 
finite length. If the cut-off frequency is 50 ~ the conical hom is 
some 30 times longer than the exponential horn, the initial and final 



Frequency ~ 

Fig. 63. Curves showing gain of exponential over 
conical hom under certain conditions. 

openings being equal in both cases. Consequently the cost of the 
conical hom would be prohibitive. 

If a diaphragm is considered to radiate into one-half of infinite 
space through a close-fitting hole in an infinite flat baffle, the im¬ 
pedance of the medium is matched when (definition 20, 

Chap. VIII, § 1). With a diaphragm I cm. radius matching does not 
occur until the frequency is 10^ A horn enables this condition to 
occur below 100 Its function is, therefore, to make the impedance 
at its mouth equal to that of the external medium at as low a 
frequency as possible. Since the propagation above 10^~is sub¬ 
stantially a plane-wave type, the horn can be removed without 
serious change in output, provided the diaphragm is the same size 
as the hom throat.* In general this is not so, and for a definite 

* In the above theory we have assumed that the diaphragm is the same size as 
the hom throat. 
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diaphragm amplitude the horn increases the power output in the 
ratio provided the particle velocity is in phase with the 

pressure. 

If the mass of the diaphragm and the surround stiffness were both 
extremely small, the diaphragm area A^ could be equal to that of 
the horn throat Aq, Since this condition cannot be realized in 
practice, a throat chamber is required to obtain an acoustical trans¬ 
former effect. The diaphragm impedance is then matched to that 
of the horn over a wide frequency band (see Chap. XX). 

6. Exponential horn of finite length 

Hitherto we have dealt with horns of infinite length where the trans¬ 
mitted wave alone exists. When the axial length of the horn is finite, 
as it must be in practice, propagation from the mouth calls for con¬ 
sideration. At low frequencies the outgoing wave encounters a region 
of lower pressure at the mouth. The velocity of the particles in the 
wave front suddenly increases, thereby causing a local fall in pressure. 
By virtue of the continuity of the medium the layer immediately 
behind the wave front is also affected, so its velocity increases with 
accompanying pressure drop. This process is maintained right back 
to the source (throat). Thus a backwards travelling or reflected wave 
is created and interferes with the transmitted wave. The interference 
depends upon the impedance at the mouth. If the final opening is 
small, at low frequencies the reflected wave is of such magnitude and 
phase as to reduce seriously the transmitted wave and, therefore, the 
power radiated as sound. In fact the sudden release of pressure at 
the mouth, where it can diffuse in all directions, introduces a marked 
discontinuity, unless the impedance of the horn termination is com¬ 
parable with that of the medium. 

To ascertain the influence of the mouth diameter and reflection 
thereat is a problem which—at the moment—has not been solved 
by rigorous methods. The impedance at any point in the opening is 
the complex quotient of the pressure and the particle velocity normal 
to the wave front at the point in question. The resistance and 
reactance components per unit area, into which this complex quotient 
can be resolved, will, for simplicity, be taken as those at the corre¬ 
sponding section of an infinite horn. Their values from (23), (24) are 
r = — and x = pQCpl2k. The ratio reactance to re¬ 

sistance is ylyl(l—y^)y where y = jS/2A;, and it is plotted in Fig. 64, 
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curve 1. For one side of a massless rigid disk in an infinite rigid plane 
we have, from Chap. VIII, § 1, r = p^cAGy^ and 

X =■ pQcA¥ly{2z)lz = pqcAG2, 

these being the total values over the disk. As shown in Fig. 15, 
they are not constant but vary from the centre to the edge. Taking 

“ = ^ we obtain the mean value over the surface. This 

r zGi{2z) Gy 

is portrayed in Fig. 64, curve 2, the abscissa being chosen to give 
an intersection with curve 1 in the neighbourhood of ka = 2 or 



Fia. 64. Curves showing PtJPa = x/r (the ratio of 
reactance to resistance per unit area) in an exponential 
horn (1), and also at the surfaces of massless vibrators 
(2), (3), (4). 

PI2k = 0*5, where the ordinates of the two curves are almost equal. 
From Fig. 64 the product {Pl2k)ka at the intersection gives a = l*92/jff. 
For values of k corresponding to the range to = 1 *25 to 2*0, it will then 
be found that the mean impedance per unit area of the disk is equal 
to the impedance (assumed constant) at a cross-section of the horn of 
equal radius. Within these limits the disk will simulate the horn if the 
latter discharges into semi-infinite space, and the refiected wave does 
not upset the hypothetical conditions for the terminal impedance in 
respect to the transmitted wave. Outside these limits the resistance 
and reactance components for the disk differ from those for the horn, 
the inertia component of the latter exceeding that of the former. 

When to = 2*0 the mean resistive component over the rigid disk 
is equal to the resistance of the medium p^c, although at the centre 
of the disk it is greater and at the edge less than p^yC, Assuming the 
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efficiency of transfer at the horn mouth to be adequate under this 
condition, we find that a = 2/A; = A/tt. This gives a rough estimate of 
the radius of the horn opening when a>/27r == c/A is the lowest fre¬ 
quency to be adequately reproduced. The cut-off frequency is given 
by jS = 2A; and from above a = l-92/j8 == A/27r. It appears, therefore, 
that the radius of the opening should lie between A/tt and A/27r, i.e. 
from J to J the wave-length of the lowest note, to be satisfactorily 
reproduced. When ha = 2*0 the pressure on the infinite rigid plane 
is 0‘6 that on the axis of the horn, provided the distance r ^ a. This 
means that the plane increases the output from the horn when 
ha = 2, and modifies the sound distribution compared with that 
which occurs in its absence. In general, horns do not flare into walls, 
so we must seek other means of investigating the problem. 

As a first approximation to the conditions to be satisfied at the 
mouth of the horn: (a) the ratio of the mean values per unit area of 
the resistive and reactive components of the simulating impedance 
(see definition 28) should tally with that for an infinite horn; (b) the 
medium should be matched resistively at the same frequency by both 
horn and simulating impedance. The ratio in (a) can be calculated 
for the two cases, but the matching frequency of a finite horn can 
only be accurately determined bj^ empirical methods. 

The simulating impedances it is intended to discuss are, (a) a 
radially vibrating sphere [58], (6) a radially vibrating hemisphere 
[121b], the other hemisphere being quiescent. It is important to 
notice that the sphere is not to be used as a substitute for the horn 
opening. The idea is that the mean impedance per unit area of mass¬ 
less vibrators of the above type is used to replace that of the horn 
which is unknown. To simulate the horn termination identically, not 
only the impedance but the spatial distribution of radiation would 
have to be reproduced. In the latter respect a pulsating sphere is 
ruled out, since the distribution therefrom is uniform; a hemisphere 
is better, and, in fact, tolerably good up to a certain value of ha, 
beyond which the focusing of the horn is the greater. 

The impedance per unit area of a radially vibrating sphere is, from 
(114), Chap. II, 

The components r and x are plotted for various values of ira in Fig. 65, 
curves 1 and 2, whilst x/r is shown in curve 3, Fig. 64, From curve 1, 
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Kg. 66, it is seen that when ka = 2 the resistive component is O-S 
that of the medium, whilst from ^ = 0*8 to 2 the ratio x/r is in 
close agreement with the values for the horn over the range PI2k = 0-8 
to 0-5.* Thus we have a fairly good basis of comparison. 

The impedance per unit area of a radially pulsating hemisphere is, 
from (116), Chap. II, 




where /* = cos 0, as in Kg. 3. The first and third terms correspond 



Values oF ka 

Fio. 65. Curves showing resistance and reactance of 
(a) a pulsating sphere, (6) a pulsating hemisphere (the 
other hemisphere being quiescent) for various values of ka. 


to a radially pulsating sphere [see (41)], whilst the second and fourth 
terms pertain to an axially vibrating sphere. The combination of 
these vibrations involving spherical zonal harmonics of zeroth and 
unit orders gives a first approximation to a pulsating hemisphere. 
To attain greater accuracy additional harmonics (3, 5, etc.) are 
required, but these would make the analysis imduly protracted. 
Owing to the presence of fi in (42), z varies with 0. By integrating 
the impedance over the area of the active hemisphere and dividing 
by that area, a mean value of z is obtained. From Fig. 3 the area 
of an annular zone is 2na'^8in6 dS, and the integral required is 

2'jTa^ j sindcosO dd, since fx = cosO. The value of this is 7ra^ and 
0 

* Observe the reversal of order. The comparison is over corresponding ranges 
of ka and Pj2k, 
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since the area of the hemisphere is 27ra^, the mean is The mean 
value of the impedance per unit area over the hemisphere is, therefore, 


z == ^pqC 



(43) 


= r+ix. 


The quantities r and x are plotted in Fig. 65, curves 3 and 4, whilst 
x/r is shown in Fig. 64, curve 4. At low values oiz — ka the resistive 
component is less than that for a complete sphere, since the vibrating 
area in the latter case is twice that in (43). As ka increases, the 
resistance r in both cases approaches that of the medium asympto¬ 
tically (see definition 20). The slower growth in r for the hemisphere 
is due, in part, to the reduced area, but also to the absence of har¬ 
monics of higher order in (43). The ratio x/r is greater than that for 
the sphere or the horn, i.e. the power factor of either of the two latter 
exceeds that of the hemisphere. 


7. Formula incorporating simulating impedance 

To determine the result of using any form of simulating impedance 
(see definition 28) at the opening of the horn, it is essential to deduce 
a formula in which impedances can be combined. Since p = z^Av, 
the pressure (assumed uniform over the orifice) in the transmitted 
wave is, from (22), p, = p,cvj\„ 

where IIi = 


so 

For the refiected wave 


PqcY{^ 

P2 “ Po^'^2^2'9 


(44) 


SO , n » 

Po^ll2 

where llg = yl{l—(P^/4:k^)}--ip/2k, the minus sign signifying that c is 
negative, owing to reversal of the direction of wave motion. If p and 
V are, respectively, the pressure and particle velocity in the radiated 

( 46 ) 

and V = (47) 

The terminal impedance per unit area (assumed uniform over the 


horn mouth) is 


V ■ 


(48) 
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From expressions (44) to (48) and the identity 111112= 1 the ratio 
of the pressure in the radiated wave to the original pressure (in an 
infinite horn) is found to be 


Pi Pi ^^IIi+poC 
^ 2zV{l-^(i3^/4F)} 

z[V{l-(i8W}+(TO]+poc‘ 


(49) 

(50) 




Fig. 66. 


By inserting the value of z from the formula for the simulating 
impedance in (50) the ratio of the pressure in the radiated wave to 
that transmitted in the absence of reflection is determined. This 
ratio can be converted to decibels if desired. By choosing values of 
jS and fc, the influence of the radius of the horn opening can be ascer¬ 
tained by aid of (50). 

In Fig. 66 two curves are given corresponding to j8 = 0*02, 
/ = 75 ~ (i8/2/fc = 1/V2), the terminal impedances being a radially 
vibrating sphere (curve 1), and a radially vibrating hemisphere 
(curve 2). For the former the ratio pjp^ attains a steady value sooner 
than for the latter. This is to be expected, since z in one case exceeds 
that in the other, and the impedance change at the mouth is lessened. 
It seems reasonable to believe that the hemisphere is the more repre¬ 
sentative of the two owing to its shape and smaller surface. The 
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area is twice the plane area of the orifice. A reduction in the radius 
of the hemisphere would be equivalent to increasing ka in Fig. 66. 
For example, if it were a/V2, the abscissae require multiplication by 
V2, so the new value for ka = 2-0 is 2*828. The proper choice of radius 
can only be determined by means of experimental methods. 

Both curves in Fig. 66 attain maximum values which are rela¬ 
tively inconspicuous. There is little difference between the curves 
when ka — 1, so this can be regarded as a turning-point. Thus, if 
the lowest frequency is reproduced at a level not more than 2*5 deci¬ 
bels below normal, ka must not be less than unity. Putting ka = \ 
we get a = A/27r, or the radius of the opening should not be less than 
one-sixth of the length of the longest wave to be reproduced. At 
75 ~ this means that a — 16 cm., i.c. the diameter is 5 feet and the 
axial length 15 feet, provided the throat radius is 1 cm. If the radially 
pulsating hemisphere were to be replaced by one of radius a/V2 as 
mentioned above, the radius of the final opening of the horn would 
be 5V2 === 7 feet. 

A different set of curves will be obtained for each value of k, but 
the maxima always occur at the same value of ka. As k increases 
^{1—(j82/4jfc2)} -> 1, ^j2k 0, and expression (50) approaches asymp¬ 
totically the value p 2z 

Z+p^c' 

For large values of ka, i.e. at high frequencies, z tends to the value 
PqC for both sphere and hemisphere, provided harmonics of higher 
orders are used in (43). Thus the ratio approaches unity and the 
system is devoid of reflection. 

8. Influence of terminal reflection on throat impedance 

The influence of reflection at the mouth of a horn is embodied in 
(50). The reflected wave travels up the horn and ultimately reaches 
the throat. The pressure at any point within the horn is the vector 
sum of those due to the transmitted and the reflected waves. It 
differs, therefore, from that in a horn of infinite length. Modification 
in the throat impedance due to the reflected wave can be determined 
as shown below [49]. 

The complete solution to the exponential horn equation is given in 
(17), and contains two arbitrary constants. When k^ > JjS®, we have 
^ cos az-f-Di sin oix), (52) 

where a = 
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The particle velocity 
86 

V == — 

dx 

== sin oix-\- ^jS cos ax)—D^{(x cos cxx—^^ sin oix)} 

= ^;e~^^®{CiSin(oia;+fl)—2\cos(ca;+0)}, (53) 

where 6 == tan“-^j8/2a. The pressure at the mouth from (52) is 

P 2 = Vo ^^2 = Vo^^“*^’^KCiCOSaaj2+Asinarr2), (54) 

where X 2 is the distance of the mouth from the throat. The impedance 
per unit area at the mouth is, from (53) and (54), 

Po . (Cicosarra+Disinaa:®) 

Transposing (55) we obtain 

^ ^ Z2 sin((xX 2+6)—ipoCcosoiX2 
Cl Z2COs(aa‘2+0)-|-ipo®®™“^2 
At the throat == 0, sin d — P/2k, cos d = a/k, so, from (55), 

_ ippO iGi _ /giyv 

“ h§Ci-oJ)i BiS-a(A/C^i)]’ ^ ^ 

Substituting in (57) for DJCi from (56), the throat impedance per 

unit area is 

'^Pq ^^^(^2 COS(oi3'2“|~ ^) ”1~ ^ SUl OiX/^ 

“ ZjI® sin((xa' 2 -j- 0)—cos(aa: 2 +0)}—ipo c{a cos sin aa:,} 

^ PoCfZ g c os(Qa: 2 + 6)+ip o c ^ ax^} 

{po c cos(aa;2—0)+“* 2 } 

= (Fo+iXo). (69) 

When 6 is small enough to be neglected 

''"“'’"'[4+Wc’-4)oo»*«s] 


The above condition respecting 9 is ensured when k > |/3, i.e. well 
beyond the cut-off point where the pressure and particle velocity are 
almost in phase. The value of Z 2 at the horn mouth is taken to be 
that of a pulsating hemisphere (§ 6). When the reactive component 
of z, is small z, 4= pqC, and the throat impedance is p^cAf) which is 
wholly resistive. This is to be expected since the condition Zj == poC 
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at the mouth means that the horn impedance matches that of the 
medium and there is no reflected wave. 



Fig. 67. Relative pressure and its phase in exponential horn 173 cm. long; 
mouth diameter 72 cm., jS = 0-046. — 120 (top) and 800 ~ (bottom). 

9. Velocity of propagation in finite exponential horn 

In a plane progressive wave (Chap. 11, § 2) the particle displacement 
^ = focos{a)<—fee), where fee = 0 is the phase angle at a distance x 
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from the source. If the propagation velocity varies with a;, so also 

X 

does k. Then we have d — Ihdx. When d is plotted against x, the 

0 

slope ddjdx = k. In a finite hom, near its cut-off point especially, 
the issue is complicated by the reflected wave. If, however, the pro¬ 
pagation is regarded as unidirectional, an effective or composite 
velocity can be found. It is to be clearly understood that this is not 
necessarily the velocity in the absence of reflection. From the data 
[67] of Fig. 67 curves can be plotted showing 6 at various distances 
from the hom throat. Since the pressure variations are small, the 
possibility of change of wave form is negligible* and the velocity at 
any abscissa is c' = wjk. The value of j8, the flaring index, is 0-046, 
so from the formula cd/27t — j3c/47r, the cut-off frequency for an 
infinite horn is 120 This is also the frequency used during the 
experiments. At the throat c' is 25 times c, whilst just within the 
mouth it is 6c, and 40 cm. beyond c' = 2c. The high throat velocity 
is to be expected from the theory of infinite horns given above. 

At 800 '-w, where the influence of reflection is relatively small, c' is 
fairly uniform down the horn, being 5x10* cm. sec.~* compared 
withf 3-8 X 10* cm. sec.~* for an infinite horn. Just beyond the mouth 
it is 3-9 X10* cm. sec.“*. 


* See Chapter XI. 


t Using formula (27). 
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SOUND WAVES OP FINITE AMPLITUDE 


1. Introduction 

It is stated in Chapter II that the theory of sound is based upon 
infinitesimal pressure amplitudes. In modern sound-reproducing 
apparatus, and in all musical instruments capable of generating large 
sound pressure (orchestra and pedal organ), the amplitudes at the 
source are anything but infinitesimal. The pressure used in fog-horns 



Fig. 68. Curve showing wave form distortion due 
to largo sound pressure amplitude. 


and sirens is colossal from the viewpoint of simple theory, whilst 
that at the throat of a powerful public address hom-type speaker may 
reach a value of 4x 10^ dynes cm."^^ i.e. the normal atmospheric 
pressure (see § 9). Since a sound pressure of 5 dynes cm.-^ on the 
ear-drum is quite loud, the great strength of the above source will 
be reahzed. 

At any instant during the propagation of a plane sound wave of 
finite amplitude, the density of the medium varies from a maximum 
at a crest to a minimum at a trough. The velocity of propagation 
gradually decreases from the crests to the troughs, so the former 
steadily gain on the latter. The result of this is shown in Fig. 68, 
which indicates a profound alteration in wave form. The process 
continues until the wave-slope becomes vertical and a discontinuity 
or abrupt change in the smooth passage of the wave is presumed to 
occur. Beyond this point the previous mathematical analysis ceases 
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to have any physical significance. No experimental evidence exists 
relating to discontinuities associated with steady wave motion. There 
is, however, much information regarding soimd impulses due to pro¬ 
jectiles [223]. Measurements on pulses due to explosions, the pressure 
being released from a tube open at one end, disclose velocities vary¬ 
ing from 1*2 X 10® cm. sec.~^ near the tube to the normal value of 
3*43 X 10^ cm. sec.*"^ at some distance therefrom [53]. 

Mathematical analyses, relating to finite amplitudes, have so far 
been restricted to the case of plane waves [52, 54, 55, 216, 219]. Since 
there is no expansion during the progress of a plane wave, the change 
in type is much more marked than it is in an expansive wave emitted 
by a large conical diaphragm or from a horn. Provided the pressure 
at the throat of a horn does not exceed a certain value, expansion 
of the wave will prevent discontinuity, but not change in type. The 
fact that no serious change in type with public address systems has 
been reported indicates that, with the throat pressures used at 
present, the output does not contain harmonics of any relative 
importance. 

The complete mathematical analysis associated with sound waves 
of finite amplitude is much too detailed for inclusion here. We shall 
show, however, how the differential equation for a horn of any cross- 
section is obtained, using the assumptions in Chapter X, excepting 
that relating to infinitesimal amplitudes. 

2. Sound waves of finite amplitude in a horn 

In Fig. 69 consider a stratum lying between two parallel* planes per¬ 
pendicular to the axis of the horn. Its imdisturbed thickness at x is 
dx, and its cross-sectional area A = Aq^(x), where <f>(x) is a function 
of X, the distance from the throat. At any instant during the passage 
of a sound wave, particles originally at x are at x+^. The thickness 
of the stratum is now da: do; = dx(l+^'). If we write 2 : = a;+f, 

then z' — dzjdx == (1+D> so the new thickness is z'dx and the corre¬ 
sponding area A^<f>{x-\-^) = AQ(f>(z), Since the mass of the lamina 
remains constant, by equating masses we get 

Pq dx Aq^{x) = pdx z'Aq<I){z) 



where x == 

* See the last paragraph of § 1, Chap. X, regarding a plane wave front. 


(1) 
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By differentiating (1) we obtain 

where z” = d^/dx^ = d^^/dx^ = and x' = 
For adiabatic working p = Poip/Po)^’ 



Fig. 69. 


( 2 ) 


(3) 


Multipljdng both sides of (2) by dpidp from (3). we obtain 

PoBx |(s')>''V 

The difference in total pressure on the two sides of the lamina is* 
dx Aq^{z), This is equal to the product of the laminar mass 
and the axial acceleration, so 


■ ^dxA^ <j>(z) = Po^Aq (f>{x) dx 

CJX 


where ^ = d^dt^. 

Equating (4) and (5), we get 

X 

This is the horn equation for finite amplitudes. 

8p 

♦ Since the abscissa is (ic + f) the pressure difference is — —-— dir(l4-f') ^ 0 ^( 2 ;). 

Now dix-\-() — dx~\-dx^ = c)a;(l + |'), so the pressure difference is dx A a Mz). 

CX ox 
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3. Plane waves of finite amplitude 

Since the wave-front is assumed to be plane, the analysis is rigorous 
for plane waves. In this case ^(a;) is constant, so ^ = 1 and x' = 0. 
Thus (6) becomes t-'w+i 

= (7) 

Since z" = and z' == (7) can be written 

I" = (8) 

which is a well-known equation for plane waves of finite amplitude 
[216, 219]. For infinitesimal amplitude 1, so 



which is identical with expression (15), Chap. II. 

4. Spherical waves of finite amplitude 

The analysis in § 2 is exact for spherical wave propagation from 
a radially pulsating sphere or in a conical horn. In either case the 
area of the spherical wave-front is given by -4 = where is the 
solid angle. The area of the plane wave-front in a conical horn is 
A = where A^ is a constant and x is the distance from the 

vertex. Thus the formulae for plane and spherical wave-fronts differ 
only in the coefficients £2 and A^y so the analysis is valid in both 
cases. 

The value of x is 



For finite amplitudes (6) is to be solved, using these values of x 
and x'- Iri case of infinitesimal amplitudes the problem is best 
solved by the method of Chapter X, using the velocity potential. 


5. Exponential horn 

In this case A = A^eP^, so <l>{x) == eP'^ and (l>{z) — Thus 

X = <f>{z)l(f){x) = eP^ and x ~ Accordingly for finite ampli¬ 


tudes (6) becomes 

r+mi+n 




( 11 ) 
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For infinitesiiiial amplitudes $ tends to zero, 1, and (11) de¬ 
generates to V 

r+iSf-4=o. (12) 

c 

For harmonic motion f so (12) becomes 

= 0 , ( 13 ) 

which is identical in form with (16) of Chapter X. 


6. Particle velocity 

In deriving equation (1) attention is concentrated on a particle 
whose displacement from its imdisturbed abscissa x at any instant 
is This is the method adopted by Lagrange [216] and equation 
(6) is exact. Care must be exercised in interpreting It repre¬ 

sents the velocity of a particle of varying abscissa x+^. It is not 
the velocity at the point x, but that at a variable abscissa x+^. The 
particle velocity at x^ i.e. the velocity with which the particle passes 

through this point, is u = ~ — . If in the second-order term u is 

ot cx 

taken as d^jdt, to the second degree of approximation 


u == 


dt 


dxdt 


(14) 


7. Sound pressure 

The solution of equation (11) is obtained for whereas in practice 
the sound pressure is required. Now from Chapter II = yp^jp^, 
so Pq = pocVr* 


Also 


Pi ^ iP-Po) = Po 




(15) 


by substitution from above. But for adiabatic changes 


P 

Po 



(16) 


from (1). Substituting for p/po from (16) in (15), we obtain the excess 
pressure ^ ^ 

^ Y 1 


(17) 


Now X z' can be expressed in terms of i and its derivatives. 
Thus, if the value of $ from (11) is used, the sound pressure at any 
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point on the axis of the hom can be found. The value of Pi from 
(17) is the excess pressure at the point • Following the procedure 
in § 6, the excess pressure at abscissa a; is p = Pi— 

8. Boundary condition 

In solving (11) we imagine the action at the horn throat to be 
due to a rigid diaphragm of area whose motion is defined by 
I == finax ojt. The velocity of the diaphragm is 
The sound pressure on the diaphragm, due to the fundamental, is 
p = —where oc is the phase angle between pres¬ 
sure and velocity. The power delivered to the horn is the mean value 
of the product pu over a complete cycle of the diaphragm motion. 
This is where cos a is the power factor. As the 

wave travels along the hom it changes in type, and harmonics are 
created. Since there is no dissipation the power must be constant, 
the amount due to the fundamental frequency being reduced by that 
associated with the harmonics. 


9. Magnitude of sound pressure at throat of horn 


The simplest procedure is to consider the power delivered to the 
throat above the cut-off frequency of the hom, where the pressure 
and particle velocity are in phase for sinusoidal motion. The radia¬ 
tion resistance at the throat is r,. = PqcAq (Chap. X), and the power 
radiated is P = Thus the particle velocity — ^{2Pjr^). 

Since we obtain 


ftnax = V(2i"»-r) = V(2poC^0 P) (18) 

by substitution from above. Now p^c = 42, Aq = and if we 
make P = 1 watt (10*^ ergs sec.~^), the throat pressure per watt 
radiated is 


i^max = 5-14X IO^Uq dynes cm.-^. 


(19) 


Taking = 0*85 cm. (see Chap. XX), the maximum throat pressure 
is 4-4x10^ dynes cm.- 2 , or about 2 ^ part of an atmosphere. The 
particle amplitude is, from above. 


0)aJ \ r ,. / coUq 
= 1*46 cm. at 50 


( 20 ) 


which corresponds to a maximum velocity of 460 cm. sec.“^. 


♦ In a rigorous sense, to fit the hom, the area of tho diaphragm would have to 
follow the law A = AqbP* from x — — fmax to ^max. 
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TRANSIENTS [79 b] 

1. Our theory hitherto has been concerned solely with the steady 
state. A loud speaker with a good steady-state response curve can 
usually be guaranteed to reproduce transients well. We have now 
to inquire into the theory of the process and make comparison 
between hypothetical and actual cases. First of all assume we have 
a coil-driven rigid disk as in Chapter VII, the disk being set in an 
infinite fiat baffle, the coupling between valve and coil to be a perfect 
transformer. Suppose the coil current is a replica in magnitude and 
time-displacement of the e.m.f. representing the transient as applied 
to the grid of the valve. Also let the disk be so small that the acces¬ 
sion to inertia is either constant or negligible over the important 
frequency range occupied by the transient. The force on the disk, 
and therefore its acceleration, is a replica of the e.m.f. applied to the 
grid, provided the acoustic resistance is small compared with the mass 
reactance, i,e. the control is largely due to inertia. But in Chapter V 
[§ 1, formula (7)] it was proved that the axial pressure, at a point 
far enough away from the disk, varies directly as the acceleration 
of the disk. Hence, under these conditions, the acoustic reproduction 
of the transient will be perfect, provided the pressure variations at 
the said point are in phase with the acceleration of the disk. This 
is substantially correct when the frequency is small compared with 
the product of sound velocity and axial distance. If this condition 
is violated, there will be a phase shift of the higher frequency com¬ 
ponents of the impulse, thereby altering its shape and introducing 
distortion. Moreover, the higher the component frequencies of the 
transient, the greater must be the distance from the disk to obtain 
distortionless reproduction. 

The conditions postulated above can be treated by reference to 
equations (1) and (2), Chapter VII. If the transient is represented by 
E = current will be proportional thereto, provided LDI and 

CD^ are small compared with i?. This means that L and C must 
be insignificant in comparison with J?. The coil current then takes 
the form I = Inserting this value in (1) we obtain 

mD^i+r^Di+si = C^ix(0* 

Since the sound pressure at a distant point depends upon the accelera- 
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tion it follows that for faithful reproduction and 8 should be 
evanescent. In other words, the influence of the electrical inductance 
and the factor C, together with the mechanical stiffness 8 and radia¬ 
tion resistance, must be subservient to m. Thus inertia is destined 
to be the controlling factor. Under this condition transients will be 
perfectly reproduced on the axis at all frequencies. 

Let us consider the three coil-driven rigid disks 5 cm., 10 cm., and 
15 cm. radius treated in Chapter VIII: the effective mass varies with 
frequency. Under circumstances where applied grid voltage and coil 
current are linearly related, there will be a relatively reduced accelera¬ 
tion corresponding to the low-frequency components of the transient. 
Thus the axial pressure of these components will be reduced relative 
to those at high frequencies, thereby introducing distortion. In 
practice the coil current for a given grid voltage depends upon the 
impedance of the complete anode circuit. The current, as in Fig. 53, 
varies appreciably with frequency, a maximum occurring at electro¬ 
mechanical resonance. On either side of this point, the component 
sine wave oscillations, into which the transient can be analysed, are 
reduced in magnitude and altered in phase. Moreover, distortion 
occurs throughout the frequency range. By keeping the time-con¬ 
stant of the circuit as low as possible, the distortion of the components 
at the upper end of the frequency range can be reduced. 

By combining the influence of variation in effective mass with that 
due to electrical impedance, the resulting distortion of the transient 
can be obtained. The effective mass and the driving force, for a given 
signal e.m.f., both vary with frequency, so that the acceleration and, 
therefore, the axial pressure do likewise. The precise degree of dis¬ 
tortion depends, of course, upon the shape of the transient, i.e. upon 
the relative magnitudes and phases of the components in its spectrum. 

So far we have dealt solely with transients occurring on the axis 
of the disk. If we choose a remote point well away from the axis we 
are faced with evanescence of the higher frequencies due to interfer¬ 
ence (Chap. V, § 1). Moreover, this must be added to the preceding 
sources of distortion. In this discussion we tacitly assume that the 
instrument used for detection does not disturb the sound fleld, i.e. 
the pressure distribution in the medium. At frequencies of the order 
10* ~ the wave-length is 3*4 cm. and the human body alters the 
distribution materially, the sound being intensified at the head due 
to reflection; with a microphone the pressure is doubled. 
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2. Initial part of transient of the form e-o^aincot 
Whatever its shape, a transient can be expressed mathematically by 
a Fourier integral. It consists of an infinite spectrum of frequencies 
ranging from zero upwards. Not only are the amplitudes of the com¬ 
ponent frequencies important but also their phases. In an acoustic 
impulse which rises very rapidly to its maximum value, the higher fre¬ 
quency components of its spectrum are of paramount importance. If 
the higher frequencies are curbed, due to inductance in the electrical 
portion of the reproducing circuit, the initial sharpness of the impulse 
is reduced. A Fourier integral is somewhat cumbersome for our 
present purpose, so we shall take a type of transient where this pro¬ 
cedure is not needed. For general purposes a transient of the type 
e-otisinajt is suitable for analytical treatment. First of all we shall 
take an approximation, and treat the matter rigorously afterwards. 
The first term of the series for sin wt is ojt, so wc can take the form 
te-^^ as a first approximation and apply it to the case of a coil-driven 
rigid disk (Chap. VII). In incorporating this transient in the analysis 
of Chapter VII, the driving e.m.f. E is to be replaced by If 

the natural frequency of the system is well below audibility, the term 
involving the constraint s can be neglected. The third-order differen¬ 
tial equation ultimately obtained embodies not only the mechanical 
forces, but also the influence of electrical circuit damping. 

Considering the mechanical and electrical forces associated with 
the system, as in Chapter VII, we have 

=■ Cl, (1) 

LDI+ i?/+ CD^ = i?o ( 2 ) 

From (1) I = {mD^^-\-r^D^)IC, which on substitution in (2) gives 


To find the complementary function of (3) we put 


[Z)(i>2+j3Z)+y)]| = 0, 
so = 0 or ^ also 

(D^+?D+y)^ = 0 , 


(3) 


to which there are three forms of solution, according as the motion 
of the system when left to itself is aperiodic, critical, or oscillatory. 
In general the circuital resistance is too high to permit oscillation due 
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to the influence of the magnetic field (see Chap. VII), so the solution 
is given for the aperiodic state. Consequently, when 0 = 0, (3) is 
satisfied by ^ ^ (4) 


this being the complementary function. and are arbitrary 
constants to be determined later on. The indices A^, Ag are given by 

Agi 2 


To obtain a particular solution of (3) we obviously assume 
^ == Substituting this in (3) and conducting the 

requisite analytical operations we ultimately get 



^ ol { o ? —ajS+y) 

(6) 

and 

9 A = 

(7) 

where 

3a^ —2 aj8-t-y 
^ 0 ? —ajS+y 

(7 a) 

The complete solution of equation (3) is, therefore, 




(8) 


The applied e.m.f. being it follows that when ^ = 0 the 

system is quiescent. Hence the velocity = 0, and the accelera¬ 
tion = 0, these being conditions with which the solution must 
comply. From (8), by differentiation and the substitution = aCj, 


we obtain 

A2e^^^+Z)i6““^[(l—9)~“a<] (9) 

and Af (10) 

Inserting the conditions = 0, = 0, ^ = 0 in (9) and (10), we 

^Ai+BiA2 = i)i(9-l), (11) 

^Af+5iAl-Z>ia(2-q>). (12) 

Solving these simultaneous equations, we find that 

A? = ^L^{«(2-9)+A*(1-(p)} (13) 

Ai—A 2 

= DA, (14) 

J5,Ai = _^-{a(2-9)+Ai(l-9)} (16) 

= X>iX. ( 16 ) 


and 
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Substituting (14) and (16) in (10), we get 

= ^i<4-;,^e^./-t-ae-“'[(9-2)+Q!<]. (17) 

Since the axial pressure depends upon the acceleration and is 
constant, (17) represents the complete solution of the problem. In 
(17) the original transient is proportional to whilst the re- 



Fig. 70. Diagram showing reproduction of the 
transient E = 2*5 X on the axis of a coil- 

driven rigid disk, freely suspended in an infinite 
flat baffle. 

mainder 2)e”°^ is proportional to the difference 

between the reproduced and the original wave forms. 

We will now give some typical examples. To determine the in¬ 
fluence of the first quarter-cycle and part of the second quartor-cycle 
of a sine wave, the exponent a is made four times the frequency, 
since the maximum value of occurs when t= 1/a. For example, 
to investigate a frequency of 125 ~ we put a = 500. To avoid com¬ 
plication, the power valve has a choke-condenser output (Fig. 105) 
with L and C very large, so that the natural frequency is well below 
audibility. Transients reproduced by a coil-driven rigid disk 10 cm. 
radius freely suspended in an infinite baffle, as perceived at a great 
axial distance therefrom, are plotted in Figs. 70, 71. The basic fre¬ 
quencies are 125 ~ and 5,000 ~ corresponding to a = 500 and 




Xn. 2] INITIAL PART OF TRANSIENT m 

2x 10^. Variation in the electrical and mechanical quantities with 
frequency has been taken into account. 

At 125 ~ the reproduced pressure rises less rapidly than the original, 
attains a maximum more quickly, and then decays after the manner 
of an oscillatory circuit with large damping. This apparent ‘elastic’ 
effect is due to the magnetic field which, as shown in Chapter VII, 



Fig. 71. Showing reproduction of the transient 
4 X ^ by a coil-driven rigid disk in an infinite 

flat baffle. 


is capable, when strong enough, of creating an oscillatory condition. 
The negative value beyond the abscissa 4*4 x lO""® must not be mis¬ 
interpreted. It does not necessarily signify that the coil is then on 
the negative side of its equilibrium position, because Fig. 70 refers 
solely to acceleration, not to amplitude. The zero means that the 
coil has attained the maximum distance from its origin and then 
commences to return. Between i = 6 x 10-® and 9 x 10-® the motion 
changes direction, and the coil drifts outwards again. In fact, the 
circumstances are closely allied to those in a fluxmeter, where the 
maximum deflexion is a measure of the total flux interlinkage. If 
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the control were evanescent, the meter coil would arrive at a cer¬ 
tain position and stay there. The transient signifies that a 

definite quantity of electricity is discharged through the system. In 
a fiuxmeter R and are negligible, whereas in the coil-disk com¬ 
bination they are not. The accurate measurement of fiux depends 
upon inertia control and electromagnetic damping, whereas when the 
natural frequency of the system is well below audibility faithful sound 
reproduction involves inertia control alone. On the other hand, if 
the natural frequency is high, the conditions are akin to those in an 
oscillograph. Transients are accurately reproduced when the damp¬ 
ing is critical and the frequencies of the main sine-wave components 
are well below that of the undamped oscillograph. These conditions 
are not suitable in a speaker, since the sensitivity would be much 
too low. 

The ultimate position of the coil and disk is easily found from the 
preceding analysis. If | = 0 when ^ = 0, then from (8) 

(18) 

Using (7), (13), and (15) we get 

_ [«^(2—<p)+a(l—<p)(Ai+Ag )+<pAi 
aAj Ag 

Again from (8) when t = oo, since all the exponents are negative, 
1 = ^1, SO the final resting-place of the coil is determined by (19). In 
general ^ will not be zero, so that for loud-speaker reproduction, in the 
absence of elastic constraint, a radial field of great axial length is 
required! To curb the spatial flights of the eoil, it is imperative to 
apply elastic control in the form of a centring device, an annular 
surround, or both of these. Then the reproduced wave form is modi¬ 
fied. The equations for this case are 

= C/, (20) 

LDI+RI+CD^ = (21) 

giving ultimately 

(Z)3+i5ii)2+yiI>+Si)f = (22) 

The complementary function of (22) is of the form 

whilst the particular integral is f = (D^+E-^t)e^^. The former can 
only be found in suitable form if numerical values are introduced. 
The three arbitrary constants are obtained from the conditions: 



INITIAL PART OF TRANSIENT 


211 


XII. 2] 

(1) ^ = 0, ^ = 0; (2) ^ = 0, = 0; f = 0, = 0. The complemen¬ 

tary function in the solution may involve (a) a damped sine wave 
superposed on a decay curve, (6) only a decay curve. In case (a) A^, Ag 
are imaginary, whilst Ag is negative. For (ft) A^, Ag, Ag are all real. 
Obviously the resulting reproduction of the transient depends upon 
the relationships between the circuital coefficients. If the comple¬ 
mentary function is of an oscillatory nature, the natural period of 
the system, plus an additional aperiodic curve, is superposed on the 
wave form The arithmetical work associated with this case is 
quite straightforward and is left to the reader. The results obtained 
in practice from systems having more than one degree of freedom 
are portrayed in Figs. 140, 142, 143, 144. Even if the damping, 
due to the magnetic field, is adequate to ensure the aperiodic 
state, it appears, from above, that in general the magnetic field 
and acoustic damping cause distortion in an ideal system where 
inertia control alone is the desideratum. In a practical system 
there is no doubt that suppression of the periodic state results in 
improved reproduction. 

From Figs. 70, 71 it is seen that in the reproduced version the 
steepness of the wave fronts of both high and low frequency transients 
arc reduced, that of the former more than that of the latter. From 
a practical viewpoint too much attention must not be paid to the 
initial kick, since it takes the ear about 0-1 sec. to appreciate the pitch 
of a sound. The chief point concerning the majority of transients is 
the higher frequency components following the kick. If the system 
reproduces these adequately, the ear will doubtless be satisfied, pro¬ 
vided the original wave form following the kick is not travestied too 
seriously. 

3. Complete transient of the type e-“^sin ci>^ 

When the axial constraint is feeble and the transient takes the form 
JS/q e"“^sin co^, equation (3) can be written 

= de^^^incxit. (23) 

As before, the complementary function is To 

find a particular integral, assume f = c~“^(C'iSina>^+Z)iCOSa>/). Then 
Cl and Di are obtained on solution of the simultaneous equations: 

CiVi-^-DiZi = 0 I 


(24) 



212 

where 


TRANSIENTS 


[Xn-S 


= —2aaj®(o£—l)+j8(a*—a>®)—ya, 

= —w(a®—CO®)—2oij8co+yco, 

Zj = co(o£®+co®)(a—l)+2aj3co—yco, 

Z 2 = —2aco®(a—l)+)3(a®+co*)—ya. 

Accordingly the complete solution of (23) is 

I = Aie^*'+JBie^»'+e““'(C'isinco<+DiCOSco<)+^i. (26) 

Differentiating (25), the velocity is 
Di = AiAie^»'+JSiA2e^««+ 

+e-“'[(C4 oi -Di a)cos £«<- (Cl cc+Di co)sin co«], (26) 

and the acceleration 

D®^ = AiA‘ie^*'+BiA|cV+ 

+C““*[{Ci(a®—co®)+2Di acojsin cof4-{Di(a®—co®)—2Ci acojcos coi]. (27) 
The values of Cj and Dj having been found from (24) they are 
inserted in (26) and (27). These two equations are then solved, subject 
to the conditions ^ = 0, Df — 0, D®^ ~ 0 at < = 0, as before. The 
solution yields li, Aj, and is therefore complete. To determine 
the reproduced version of the original transient A’oe-'^'sin to< is then 
merely a matter of arithmetic, which is left to the reader. Care must 
be exercised to avoid confusion between a and ca. The former ean 
now be made independent of o>, whereas in the previous transient, 
it was written a = 4ctj/27r for convenience. 

This analysis would be applicable to the moving-coil horn type 
speaker of Chapter XX (method 1) if the chamber stiffness were 
absent. A rigorous solution for this case entails undue complication 
and will not be given. An oscillogram illustrating the effect of a 
severe electrical impulse in a horn speaker is reproduced in Fig. 144. 
The natural vibrations of the syst>jm are clearly delineated, so that 
they will accompany the acoustic output of transients. 
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DRIVING MECHANISMS 


1. There are three principal types of driving mechanisms for loud 
speakers, (a) a flexible reed of magnetic material or its equivalent 
situated in a magnetic field which is varied by the signal current; (6) a 
coil or a zigzag strip, carrying the signal current, situated in a strong 
magnetic field; (c) a diaphragm forming the movable plate of a con¬ 
denser, the other plate being fixed. A steady or polarizing voltage is 



Fig. 72. Schematic diagram of cantilever 
reed movement. 


applied to the two plates and the signal voltage superposed thereon. 
There are other methods of actuating diaphragms, using crystals of 
Rochelle salts, which have been developed recently (Chap. XIX, § 1, 
Chap. XX, § 16). Of all methods the moving-coil is the best [183 a]. 

2. Cantilever reed type 

This class of drive includes various designs, the simplest of which is 
shown diagrammatically in Fig. 72. The U-shaped permanent magnet 
sends flux through a bridge-piece of laminated stampings, on each 
side of which is wound a fine wire coil usually of 600 to 1,500 ohms 
resistance. The centre of the bridge is arched and has an air-gap 
above which the reed is poised. By means of a screw the distance 
between the reed and the pole-piece can be varied. The cone 
diaphragm is attached to a point on the reed, usually near the centre 
of the air-gap. When alternating current flows in the coils the 
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magnetic field through the reed fiuctuates in strength accordingly, 
and the reed vibrates in response thereto. 

By virtue of the inverse square law, as the reed approaches the 
pole-piece the magnetic force increases rapidly. The reverse occurs 
when the reed moves away. To obtain sensitivity the adjustment 
screw is operated until the reed is very close to the pole-piece. When 
it gets within a certain distance, the magnetic pull overcomes the 
mechanical stiffness of the reed and a click is heard as the reed flops 
on to the pole face. There is consequently a minimum working 
distance which increases with the amplitude of vibration. Owing 
to the inverse square law, the relationship between deflexion and 
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F = 75~ 

Fig. 73. Record of acoustic output from reed-driven conical diaphragm 
when the amplitude of the reed exceeds the limit of linearity. Curve (a) = input 
to windings; curve (j8) = acoustic output from diaphragm. 

current is not linear. Thus with a sine wave input of moderate 
amount, the radiated sound contains alien frequencies. These 
increase with the amplitude of the reed and are, therefore, most 
noticeable when reproducing low frequencies. The oscillogram [96 a] 
of Fig. 73 illustrates this point. Within definite amplitude limits this 
defect can be overcome by suitably adjusting the position of the reed 
with reference to the pole-pieces as illustrated in Fig. 74. 

The force between the reed and pole-piece, though not quite uni¬ 
formly distributed over the lower face of the former, can be considered 
to act at the centre of magnetic force [96 aj. Taken as a single force it 
causes the same deflexion when acting at the centre of magnetic 
force as when distributed over the reed. When a direct current flows 
in the coils the reed is bent towards the pole face and is nearer 
thereto than The attractive force on the reed is therefore greater 
at x^ than at x-^ and the centre of magnetic force shifts outwards along 
the reed causing an increase in the moment Z^/. If this increases more 
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rapidly than fe, where s is the stiffness, instability results and the 
mechanism is rendered inoperative by the reed flopping on the pole- 
piece. 

In Fig. 74 c the point A is slightly lower than the plane of the pole 
face whereas in Fig. 74 b it is higher. Also the reed is inclined at an 
angle above this plane instead of below 
it as in Fig. 74 b. The reed approaches 
the poles due to increase in coil current 
and the attraction is greatest at this 

point being nearer to the poles than 
X 2 - Thus the centre of magnetic force 
moves towards the support and its 
leverage is reduced as the reed deflex¬ 
ion and the current increase. By find¬ 
ing the correct setting for the reed, 
linear proportionality between current 
and deflexion can be secured over a 
limited range. It is also possible by 
a suitable mechanism to swing the 
reed about a definite axis such that its 
distance from the pole face can be pro¬ 
perly adjusted for various amplitudes. 

In this case instability is substantially 
abolished. To obtain the best results, 
it is imperative that the apparatus 
should be made to a high degree of Fig. 74. Diagrams illustrating 
accuracy so that there is no backlash, method of obtaining a linear 

The magnetic pull on the reed is pro- “ cantilever reed 

portional to where B is the flux 

density. If B is not uniform the force depends upon the sum of all 
the elemental forces acting on the reed over its working face, i.e. 
/a I B'^dA. For simplicity we shall assume that B is uniform. When 
A.C. flows, B fluctuates between JS+8B and B—BB, where BB is the 
small change in density. The increase in force due to the current 
during a positive half-cycle is proportional to 

(J5+8B)2~B2 ^ ^2^25 BB +BB^^B^ 

== 2J5 85, 

where SJS^ is neglected since it is usually small compared with 
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2B SB. Obviously the force decreases by the same amount during 
the negative half-cycle. Alien frequencies are created when SB (coil 
current sinusoidal) is comparable with B, since the term entails 
a double frequency. When the input is large and contains a pluraUty 
of tones, the non-linear characteristic causes sum and difference and 
other alien tones to be created. The low-frequency vibrations of 
relatively large amplitude cause the high-frequency vibrations to be 
modulated. A simple illustration of this is given in Chap. IX, § 1, 
formulae (4) and (5). 





The working force on the reed, for a given coil current, depends 
upon B and, therefore, on the strength of the permanent magnet. 
This cannot be increased indefinitely owing to rise in reluctance and 
ultimate saturation of the pole-piece. Under this condition, although 
B increases, SB decreases and B SB is less than its value with a weaker 
magnet. This is due to the bridge-piece and reed being operated above 
the knee of the magnetization curve. The change SB depends upon 
the incremental permeability, and this decreases with increase in B. 
The greater static force also necessitates a larger minimum gap to 
prevent instability. Thus the value of SB is again decreased due to 
the greater reluctance of the longer gap. 

The reed is usually associated with a fairly large conical paper 
diaphragm supported in a suitable manner at its periphery. The 
method of connecting the two is important. To avoid loss of high 
notes, a short rigid bar with conical nuts or the like, as shown in 
Fig. 75a, is recommended [218]. This should be as light as possible 
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consistent with the requisite rigidity, since large mass curbs the 
amplitude at high frequencies where the effective mass of the cone 
itself is quite small. 

At any instant during vibration, pressure waves on each side of the 
cone are of opposite sign. The pressure at any spatial point is due to 
radiation from both sides of the diaphragm. Moreover, interference 
occurs and it is necessary to minimize this by using a baffle to shield 
the two sides of the diaphragm from each other’s influence. In Fig. 
75 B a flat baffle is indicated since this gives good quality for domestic 
purposes. Cabinets are generally used for convenience, however, since 
the radio apparatus can be housed therein. These contribute their 
quota of resonance especially if the sides are fairly flexible. Coloration 
is quite marked when the speaker is situated near a wall, especially 
at a comer, or in association with other furniture forming a partial 
enclosure. This effect, however, is not very noticeable unless the 
speaker itself has a good lower register. 

A so-called directional baffle [12,13] (Chap. XX) can be used. 
This increases the loading on the diaphragm, thereby permitting a 
reduction in its size. The scheme is hardly suitable for domestic 
speakers owing to the large dimensions of the baffle. 

3. Inductor dynamic mechanism 

The driving mechanism known by this name is shown schematically 
[190] in Fig. 76. Two square rods of soft iron are connected and held 
in position between the pole-pieces of two U-shaped magnets by 
flexible reeds RR, The system is symmetrical about the centre Une. 
The magnets are arranged so that the polarity of the pole-pieces is 
that shown in the diagram. By itself each iron bar would normally 
move inwards, but in conjunction with the reeds and connecting rod a 
balanced system is formed. Coils of wire are wound round alternate 
limbs of the pole-pieces. During operation the magnetic field in the 
air-gap at one side is strengthened, whilst at the other it is weakened. 
This is obtained by suitable coil connexions. Thus during one half¬ 
cycle one bar moves into a stronger field and the other into a weaker 
field, the position being reversed in the next half-cycle. The mechanism 
oscillates, therefore, at the same frequency as the current. The paper 
cone, complete to the vertex, is secured to the connecting rod by the 
usual conical nuts. It is supported at its periphery by a leather 
surround. The lowest natural frequency of the system depends upon 
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three things, (a) the effective mass of the whole diaphragm plus the 
driving mechanism; (6) the combined stiffness of the reeds and the 
surround; (c) the strength of the magnetic field. In the absence of 
coil current, a definite force is required to overcome the stiffness of 
the reeds and surround together with the magnetic attraction. If the 
relationship between magnetic pull and displacement is linear of the 
form fi = X, and if that for the mechanical part of the system is 
also linear, say/g = we have/i+/g —f= a^(5i+«2) = where 

8 is the combined stiffness of the system. Treating the arrangement 
as a mass on a simple coil spring, the lowest natural frequency is 

o) = ^{81m^), where is the effective 
mass of the diaphragm including the 
accession to inertia (Chap. III). 
As a first approximation, below 
100 ~ is the sum of the natural 
mass and The stiffness is ad¬ 
justed to make the natural fre¬ 
quency about 70 To determine 
the frequencies of the higher vibjea-^ 
tional modes of the system, it^s 
necessary to have recourse to ex¬ 
perimental methods. 

As in all hornless speakers, the 
upper register is mainly due to vi~ 
brational modes of the cone. To 
avoid reduction of output in this region the mass of the driving 
mechanism should be small. The remarks concerning baffles and the 
like apply equally to this case. There is a definite tendency for the 
lower register to be accentuated unless the mechanism is adequately 
damped. A representative inductor speaker is illustrated photo¬ 
graphically in Fig. 77 [190]. 

4. Balanced armature mechanism 

This form of reed movement is shown diagrammatically [218] in 
Fig. 78. The flat stiff reed is kept in its equilibrium position between 
two pole-pieces NB associated with a powerful permanent magnet. 
The operating coils encompass the reed and reside within the U-shaped 
pole-pieces. During idle periods the magnetic flux passes directly 
from jV to /S at each side as indicated. When current flows in the coils 








Fig. 77. IiKhictor dynainic loud speaker. 
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the reed is magnetized and attracted alternately to each side. In 
the absence of constraint, if the reed were given a slight motion 
towards one side, it would move on to the pole-piece, since in the 
central position it is in unstable equiUbrium. It is necessary, there¬ 
fore, to introduce some form of elastic control. Either the reed is 
mounted on a torsional member or it is associated with some form of 
cantilever or other spring. The natural frequency, in the absence of 
the cone, etc., may be about 2,000 /^. The movement is attached to 
a paper cone as shown schematically in Fig. 75 b. Owing to increase 
in magnetic force as the reed approaches the pole-pieces, the relation- 



Fig. 78. Diagram illustrating balanced 
armature reed movement. 


ship between current and deflexion is not linear for amplitudes of the 
order required to radiate middle or low frequencies at the proper 
strength. The output when large tends to be tinged with alien fre¬ 
quencies, since the current-displacement curve is linear over a small 
region only. It has an advantage over the simple ‘imcorrected* canti¬ 
lever type, since the characteristic is symmetrical and the linear 
amplitude range greater. 

5. Moving-coil hornless speaker 

The principle involved in this type of driving mechanism is illustrated 
[87] in Fig. 79. A permanent magnet or an electromagnet is used to 
create a radial flux in a circular gap of short radial length. The circu¬ 
lar coil of wire is held concentrically in the gap by aid of a centring 
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device. When a current passes through the coil, it is impelled axially 
either one way or the other, according to the direction of the current. 
It will be noticed that the radial field is everywhere at right angles to 
the coil, and therefore to the current sheet therein. Consequently the 
motive force due to the interaction of the two magnetic fields is at 
right angles to both the radial field and the plane of the wire, i.e. in 
an axial direction. 

If the coil current is constant at all frequencies, it might be inferred 
that the driving force is invariable. Owing to losses in the iron core 



Fio. 79. General anangemeni of movmg-coil hornless sj)oakor. 


of the magnet there is a phase difference between the alternating 
current in the moving coil and the flux it produces. In fact the 
current can be resolved into a magnetizing component and a loss 
component in quadrature. The magnetizing component is from 
0*9 to 0*95 of the total current, but it:i value depends upon the type 
and material of the magnet and the frequency of the current in 
the moving coil. Except for this, which from an acoustical view¬ 
point is not very serious, the force is proportional to the current 
—^within limits—and independent of frequency. This seems to put 
the hall-mark of perfection on the coil drive, apart from any idiosyn¬ 
crasies introduced by the diaphragm. Owing, however, to variation in 
the radial field along the axis of the coil (Chap. XIV) and to the large 
amplitudes necessitated at low frequencies, care must be exercised in 
design and operation to avoid the creation of alien frequencies. 
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The coil is usually associated with a conical paper diaphragm sup- 
ported annularly at its edge. In commercial speakers the annulus is 
frequently some type of leather. It should be elastic over a reason¬ 
able diaphragm amplitude, i.e. the relationship between force and 
axial constraint should be linear over the working range. In many 
cases this does not hold, and the low-frequency amplitude is restricted, 
with consequent flattening of the wave form, thereby introducing 
alien frequencies. These may occur in a part of the audible spectrum 
where the ear is highly sensitive [211]. To ensure absence of wobble, 
centring of the coil in relation to the magnet pin is imperative. 
Various forms of centring device are illustrated in Fig. 26. This com¬ 
ponent must also have a linear force-displacement characteristic over 
the normal working amplitude. The annular surround and the 
centring device, together with the diaphragm, form a low-frequency 
resonating system. In many moving-coil speakers low-frequency 
resonance is used to obtain an adequate bass output in order to 
balance that in the upper register due to the cone resonances. As in 
other species of hornless speaker, a baffle is required to reduce the 
interference or short-circuit effect due to sound waves of opposite 
sign from the two sides of the diaphragm. For household purposes 
flat baffles give better quality than a cabinet full of radio gear. A 
properly designed box baffle with absorbent material arranged as 
shown in Fig. 120 is a very good solution of the problem [180], but 
there must be no radio gear to impede the sound waves. Since the 
lower register in this type of speaker is much more powerful than in 
reed types, cabinet resonances must be carefully avoided. 

By using a directional baffle (which is really another name for a 
horn), the resistive load on the diaphragm and, therefore, the effi¬ 
ciency can be increased to several times the value with a flat baffle. 
A speaker of this type is described in Chapter XX. 

6. Moving-coil membrane speaker 

In another type of speaker the moving coil is attached eccentrically 
(1*6 cm. out of centre) to a stretched circular membrane of aluminium 
foil 26 cm. in diameter* and 0-002 cm. thick. The foil is kept taut by 
two clamping rings, these being held between two felt rings in an 
outer metal framework. The system is one having a large number of 

* Thd diameter and thickness can be varied according to the frequency range to 
be covered by an individual speaker. 
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resonances or vibrational modes in the audible frequency range, the 
lowest being in the neighbourhood of 100 There are several modes 
per octave in the upper register, but none is unduly prominent. The 
focusing or beam effect at the upper frequencies (see Chap. V) is 
much less marked than that obtained with a conical diaphragm. In 
fact up to 4,000 ~ the distribution is fairly uniform. From the view¬ 
point of rigid disk theory this is equivalent to a reduction in the radius 
with increase in frequency [90 a]. 

By making simple assumptions, e.g. that the drive is concentric 
instead of eccentric, an approximate theory of the speaker can be 
deduced by aid of Chap. IV, § 13, Chap. V, § 4, item 16, Table 7, and 
Chap. VI. The theory of the membrane t 5 rpc electrostatic speaker, 
driven uniformly over the whole surface, will serve as a useful guide 
(Chap. IX, § 8). The sound distribution can be calculated from for¬ 
mula 16, Table 7. This formula is based upon the shape of the mem¬ 
brane in vacuo. An alteration occurs during vibration in air, so it is 
advisable, before coming to any definite conclusion, that the sound 
distribution found experimentally should be compared with that 
obtained by calculation. 

7. Blatthaller speaker 

In the moving-coil speaker with a conical diaphragm the force is 
applied to a narrow annulus near the vertex of the cone. At high 
frequencies the system does not behave as a rigid structure, and there 
is a phase difference between the velocity at the coil and that further 
down the cone. When it is desired to radiate appreciable acoustic 
power, a diaphragm of large superficial area is required. If a circular 
moving coil and a very large cone were used, the above phase effect 
would be injurious to good reproduction. By distributing the driving 
force over the surface of the diaphragm, the frequency at which the 
phase difference becomes serious can be elevated considerably. This 
principle is illustrated in Fig. 80 [12,13, 203, 204]. A large corrugated 
duralumin plate, or several smaller plates side by side, is covered 
with low resistance copper conductor in zigzag fashion. The con¬ 
ductor is situated in a strong magnetic field (2x10^ lines emr^) 
normal to its length and parallel to the plane of the diaphragm. To 
reduce leakage, which tends to be large in a magnetic system of 
this configuration, the field coils are situated directly round the 
air-gap, i.e. the latter is at the centre of the coil as illustrated in 
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Fig. 80. This blots out a portion of the sound radiation, but is not 
so serious as might be imagined, because the air gets squeezed out 
transversely. Such magnet design is much more effective than that 
where the coils are free of the diaphragm altogether. The air-gap and 
flux density between adjacent pole faces is such that the force per unit 
area amounts to as much as 20 Kg. With an input power of 800 [13 b] 
watts to the diaphragm conductor, the sound output is said to be 
200 watts, giving an efficiency of 25 per cent. This high value can 



Fig. 80. Arrangement of magnet and diapliragm in Blatthaller 
speaker. 


only be realized in a flat baffle system by aid of an intense magnetic 
field, a conductor of low resistance and a large radiating surface of 
small mass (Fig. 81). Assuming the diaphragm to be equivalent to 
a rigid circular disk 50 cm. radius, the external medium is matched 
resistively from 200 ~ upwards (definition 20 and Chap. VIII). As 
we have already shown in Chap. V, § 3, owing to focusing there is a 
dearth of higher frequencies outside a relatively narrow central sound 
beam. Moreover, unless resonance occurs at higher frequencies, the 
radiated power for constant input will fall with rising frequency. 
By appropriate orientation, several units can be used to cover a wide 
angle. 

8. Riffel speaker 

This instrument is somewhat similar to the Blatthaller, but differs 
constructionally. It consists of a long straight conductor in the air- 
gap of a powerful electromagnet dissipating about 200 watts. Tfie 
conductor is fixed to the bottom of a V-groove at the centre of 
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a corrugated rectangular aluminium diaphragm and lies along its 
length. The transverse rectangular corrugations extend almost to 
the long edges which are clamped and act as hinges. During operation 
the conductor moves parallel to itself, and the V-groove permits the 
diaphragm to bend so that there is but little mechanical constraint, 
i.e. the fundamental frequency is very low. Although this type of 
speaker gives good quality it is too inefficient to be used for commercial 
purposes. The diaphragm is usually set in a large flat baffle. 

9. Horn loud speaker 

In general this type of speaker is actuated by a moving coil driving a 
small diaphragm within the coil [9,18], as shown in Tig. 82 a.* The 
coil and diaphragm is attached to a flexible annulus whose outer edge 
is securely clamped to an electromagnet. The natural frequency of 
the combination on the annulus depends upon the frequency range 
of the loud speaker. For the range 60 to 4,500 ~ it is usually about 
400 in vdcuo with the coil circuit open [18]. The diaphragm is 
shaped to spherical curvature to give rigidity,]* so that it moves as 
a whole over a wide frequency band. It breaks up at higher fre¬ 
quencies and assists in keeping the output fairly constant above 
2,000 The obstruction H, apart from reducing the throat area 
and thereby increasing the air particle velocity, acts as a phase 
equalizer. The clearance between the diaphragm and H gradually 
increases with the radius. Thus during vibration the velocity of the 
air particles most remote from the throat of the horn is increased. 
This ensures that up to quite high frequencies the pressure from all 
parts of the diaphragm arrives at the horn throat in substantially 
the same phase. Another device for accomplishing the same purpose 
is shown in Fig. 163. 

In the imit illustrated in Fig. 82 b the coil is a single layer of alu¬ 
minium ribbon [18] 1*5 x IQ-^ in. wide 2x 10“® in. thick wound on 
edge. The 50 turns are held together by a film of insulating lacquer 
2 X 10“^ in. thick, the coil being baked after winding. This type of 
coil is self supporting and 90 per cent, of it is metal. It can be 
made accurately to specified dimensions, thus permitting small 
clearances between it and the pole-pieces. This is of material assist- 

♦ Special high-frequency horn speakers are described in Chap. XX, § 16. 

f Some idea of the enormous increase in rigidity when diaphragms are conical 
will be gleaned from Chap. XVIII, § 21. 
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ance in obtaining the high flux density of 20,000 in the air-gap, and 
in the dissipation of heat via the electromagnet. The influence of 
radiation from the black outer surface of the latter is very marked. 
For an input of 10 watts the temperature rise of the coil is 64® C. 
in the magnet and 116® C. out of it. As shown in Fig. 82 a, the back of 
the magnet is flared to avoid tube resonance. This cavity is usually 
loosely packed with absorbent material. The efficiency of a receiver 
of this type with a suitably designed exponential horn is 30 per cent, 
over a wide frequency range. This aspect of the subject was discussed 
in Chapter XV. 

10. Use of lever mechanism for altering amplitude 

In all types of drive discussed hitherto there is a definite amplitude 
limitation beyond which alien frequencies become serious. The 
maximum permissible amplitude depends upon the driving mechan¬ 
ism. It is much greater for a moving coil than for a stiff cantilever 
reed whose natural frequency exceeds 2,000 The greatest ampli¬ 
tudes are required at low frequencies, and it is now proposed to see 
what happens when a simple mechanical transformer, i.e. a lever, 
is used. At first sight it may appear that a definite advantage will 
be gained by using a small movement for the driving mechanism and 
a large one for the diaphragm. The scheme is illustrated diagram- 
matically in Fig. 83 the lever ratio being To simplify the 

analysis the lever will be regarded as a massless ratio-arm. The 
resistance at A is and the reactance a>m^, where is due to 
mechanical loss in the cone and sound radiation, whilst is the 
effective mass of the cone together with its attachments. At B the 
resistance is and the reactance where is the mass 

of the driving coil and its attachments. If the driving force is /, the 
coil velocity is ^ ^ 

The power radiated as soimd is v\ where is the resistance at 
A due to sound radiation. Thus the sound power is 

p ^ n*/Vr 

n^r\ -f o}^{nhn^ +’ 

At any particular frequency the power is a maximum when 

_ coil reactance 

ffiaphragm impedance 
Q 


8837.3 
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this being analogous to the case of an electrical transformer. Measure¬ 
ments of ^2 (Chap. XVI) reveal variation in both quantities 

throughout the frequency range. The diaphragm impedance attains 
a maximum at low frequencies, after which it fluctuates and becomes 
small in the neighbourhood of the vibrational modes. Thus no 
optimum lever ratio exists for a wide band of frequencies. At low 
frequencies r 2 so 72. = yl{mjm^). Now ^ so that n 

should be less than unity. This entirely defeats our proposal to reduce 
the coil amplitude and, in fact, actually increases it. At high fre¬ 
quencies where is small the lever ratio exceeds unity. It follows. 



f (coil) 



Fig. 83. Diagram illustratmg lover prmciple 
applied to liomless loud-speaker mechanism. 

therefore, that the use of a lever ratio exceeding unity will reduce the 
lower frequencies at the expense of the upper, and this is corroborated 
by experiment. In fact, variation in lever ratio constitutes a form of 
tone control. With any type of driving unit there is a certain lever 
ratio which gives the best result over a specified frequency range. Its 
value is best found experimentally. In a cantilever reed drive the 
ratio is less than unity. This gives the middle frequencies a better 
chance to reveal themselves. 

11» Rectangular membrane condenser speaker 

A cross-section of a portion of the instrument is given in Fig. 84 a. 
a is a rigid corrugated plate [23,28, 29] with perforations whilst 6 is 
a special rubber type dielectric about 1*2 x 10~2 cm. thick, the outer 
surface of which is coated with beaten metal leaf about 2 x 10~^ cm. 
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thick. The speaker is made up in 12^ units of this type. The 
longitudinal corrugations are 3x cm. deep and 1*9 cm. between 
adjacent crests. The working polarizing voltage varies between 600 
and 600, this high value being essential to produce pure tones with 
a moderate signal voltage and reasonable efficiency. If the voltage 
is too high, the dielectric is drawn tightly against the fixed plate, 
thereby restricting the amplitude and the output. During operation 
the rubber, so to speak, rolls down the depressions in the fixed plate. 



(b) 



Fig, 84. 


(а) Cross-section of electrostatic speaker [28, 29]. 

(б) Biasing unit for electrostatic speaker. 


It is thereby in direct tension, which is very different from com¬ 
pression between two flat surfaces as in Fig. 56 a. This action occurs 
to an extent when the polarizing voltage is high and the rubber is 
drawn to fit the curvature of the fixed plate. The direct tensile action 
enables a greater amplitude to be obtained for a given signal strength. 

Response curves taken with constant input voltage indicate general 
flatness from 100 ~ to 1,000 after which there is a strong rising 
characteristic to a maximum at about 5,000 Thereafter the curve 
drops slowly, but the output is considerable at 10^ ~ [23]. The curve 
is said to be singularly free from irregularities. Two types of output 
circuit are shown diagrammatically in Figs. 66, 84 b. The voltage 
across the speaker gradually decreases with rise in frequency owing 
to fall in its impedance. Typical curves for various values of 
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combinations are given in Eig. 85.* By automatically reducing the 
signal voltage in this manner—due to increased drop in the 
valve—^the rising characteristic of the speaker can be offset as de¬ 
scribed in Chapter IX. A suitable value of i2„Co for a unit 8 X 12 in. 
is 6’6x 10-®, where i?a is in ohms and CJ, in farads. For a 24-section 
speaker = 1-8 x 10-^, this larger value being required, since the 
focusing of the radiation is greater than with a single section. The 



ic_ I_ 



Fig. 85. Voltage division between valve and condenser. EjE 
is the fraction of the applied voltage across the condenser. 

angle of the high-frequencyf beam is about 15° on each side of 
the normal to the armature [23]. As in other classes of speaker a 
baffle is used. 

12. Circular membrane condenser speaker 

The arrangement is shown diagrammatically in Fig. 59. where the very 
thin diaphragm of aluminium alloy [31,32,33] under radial tension is 
symmetrically situated between two grid-like electrodes (see Fig. 86). 
The perforations in the electrodes permit sound radiation. A polarizing 
or steady direct voltage of 1,500 is applied between each fixed 
electrode and the diaphragm, so that it is pulled equally in both 
axial directions being therefore in static equilibrium. Signal voltages 
up to a maximum of about 400 are applied across the fixed electrodes. 
This causes the potential difference on one side to fall and on the 
other to rise by the same amount. Thus the attraction on one side is 

* is the power-valve resistance and Cq the capacity of the speaker, 
t Precise frequency unknown. 






Fig. 88. Kxtorniil li'akaj?© flux distribution in electromagnet 
with full excitation. 
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reduced whilst on the other it is increased, so the diaphragm oscillates 
with the alternating current. The arrangement although dependent 
solely upon attraction can be regarded from an analytical viewpoint 
as ‘push-pull’. Actually of course it is a differential action. As with 
other speakers a baffle is necessary to reduce interference between the 
front and rear of the diaphragm. 

The diaphragm is in reality a radially tensioned membrane 38 cm. 
diameter, its mass per unit area being 4x 10”^ gm. This corresponds 
to a thickness of 1-5 x cm. (0*6 mil) and a density of about 2*7 gm. 

cm.~^. The distance between the diaphragm and the electrodes 
gradually increases from the edge to the centre since the amplitude 
of vibration is greatest there. 

The electrodes are made of bakelite and coated with an electrically 
conducting colloidal carbon mixture. This layer is then covered with 
an insulating material having a nitro-cellulose base and containing 
mineral products. It is thickest at the edges of the electrodes, the 
disruptive strength being 2,000 volts a.c. As would be expected from 
theoretical considerations (Chap. IV, § 14) the diaphragm exhibits 
vibrational modes which can be demonstrated in the usual way by 
aid of fine sand. The disposition of the sand indicates that there is 
an appreciable amount of damping of the diaphragm. If the damping 
were small the sand would form a thin line at the edge and at a 
nodal circle. The influence of loss on the shape of the diaphragm* is 
discussed in Chap. IV, § 17. From Fig. 86 it is seen that the ribs of 
the electrodes are broadened at certain places to increase the damping 
and subdue the lower vibrational modes, since they are the most 
powerful. The first vibrational mode occurs about 130 It is much 
lower than the value in vacuo owing to accession to inertia as described 
in Chap. IV, § 16. In a moving-coil speaker the large back e.m.f., 
induced in the coil when the diaphragm resonates on the surround, 
is accompanied by a large decrease in operating current (Fig. 149). 
A similar but less pronoxmced effect occurs when a diaphragm re¬ 
sonates in an electrostatic field. 

The output circuit from the power valve can either be a resistance- 
capacity, choke-capacity, or a transformer type, as shown in Fig. 59. 
It appears that the voltage across the speaker should fall with fre¬ 
quency, as in Fig. 85, to avoid accentuation of the higher frequen¬ 
cies [32]. The theory of this speaker is given in Chap. IX, § 8. 

* During vibration, i.e. the dynamic deformation curve (see definition 37). 
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MAGNETS 

1. A conventional design of electromagnet for hornless moving-coil 
loud speakers is illustrated diagrammatically in Fig. 87. The magnetic 
flux passes from the central pole to the outer pole ring, or vice versa, 



Fig. 87. Dimensional drawing of a typical elec’tromagnot as used for tho 
measurement of flux density. 

according to the so-called polarity, i.e. North or South. Part of the 
flux traverses the air-gap and is disposed radially. This is the useful 
or working flux. The remainder 'leaks’ out of the gap and follows 
the dotted paths within and without the magnet. Fig. 88 is a photo¬ 
graph of leakage flux taken by placing a piece of sensitive paper in 
front of the magnet, sprinkling iron fillings on it and exposing to 
sunlight. Full field strength was employed and the flux paths near 
the magnet have not been reproduced in the figure, since the 
attractive force was strong enough to overcome the friction between 
the filings and the sensitive paper. Moreover, all the filings within a 
certain area were drawn to the magnet and can be seen adhering to 
the pole-pieces. 
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There are two principal methods of measuring flux in the air-gap of 
a magnet: (1) by weighing, (2) by fluxmeter or ballistic galvanometer 
using a search coil. Before embarking upon a description of these 
methods, it is well to examine the nature of the system upon which it 
desired to make measurements. If the central and outer pole-pieces 
are truly concentric and the constructional materials magnetically 
homogeneous, the radial field will be symmetrical about the polar 
axis of the magnet. Consider a plane passing through the longitu¬ 
dinal centre of the gap. In the event of symmetry on each side of 
this plane the magnetic field will be symmetrical, but not necessarily 



the same at various distances from the plane, owing to leakage from 
the inner and outer pole cheeks. The design of Fig. 87 is asymmetrical 
since the magnet is wholly on one side. It follows that the leakage 
will be different at each end of the gap. This, however, does not have 
a serious effect on the flux distribution in the gap. Since the air-gap 
is in parallel with the leakage paths, the reluctance is modified, and 
the radial field strength is substantially uniform over only a fraction 
of the axial length. 

Coming now to methods of measuring the gap flux. No. 1 is quite 
simple but not conducive to high accuracy unless precautions are 
taken. It does, however, have the merit of measuring the field under 
conditions more closely allied to practice than No. 2. The schematic 
diagram in Fig. 89 illustrates the basic principle. The coil is attached 
to a lever mechanism and the force upon it, due to a given current, 
is balanced by a weight. The force in dynes is 27TrnBg /, I being in 
absolute units. Thus Bg can be calculated. The essential difference 
between the above condition and that in practice is twofold; (a) the 
coil is in vibration, (6) the current is alternating which may influence 
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the distribution. However, the field can be measured with a speaker 
coil carrying a steady current of the order of magnitude used in 
practice. This current will undoubtedly modify the field distribution, 
but the modification is not likely to be serious with a powerful 
electromagnet. 

In the second method the undisturbed distribution of field is 
obtained by aid of a search coil [100 a, b]. The flux measured is that 
interlinked with the coil and passing through the area encompassed 



Fig. 90. Diagrammatic sketch of differential search coil. The leads from the 
coils are flexed and brought out through the handle. They may be taken to 
terminals or to a switch which enables coils to be used separately or any pair 
connected in opposition. Great accuracy accrues when the axial length of the 
coils is as small as possible. This is due to the flux density not being uniform. 

by it. The magnetic field in Fig. 87 passes radially through the surface 
of the coil, but to complete the magnetic circuit it must go down the 
central pole in an axial direction. Consequently the flux passes 
through the area encompassed by the coil. This flux is the sum of the 
active gap flux plus the external leakage. In measuring the former 
it is essential to ehminate the latter from the meter reading. 

Two narrow low-resistance coils A, B, identical in all respects, and 
separated by the axial length of the gap, are shown diagrammatically 
in Fig. 90. The external leakage and the working flux pass through 
B, .but only the leakage flux through A. If these coils are connected 
in opposition and joined to a fluxmeter or to a baUistic galvanometer, 
double the flux interlinkage (line-turns) is obtained on reversing the 
field current of an electromagnet. In this way the total useful gap 
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flux can be found for various degrees of magnetization. By winding 
A and Bona, former and either inserting it in or withdrawing it from 
the magnet, the gap flux is obtained. The scheme just described is 
known as the differential coil method [100 a]. 

If coil B is used alone and drawn from one end of the gap to the 
other, the whole gap flux is cut. Consequently the fluxmeter or bal¬ 
listic galvanometer measures the flux-interlinkage. Both methods per¬ 
mit the rapid testing of either permanent magnets or electromagnets 
in a factory. The axial distribution of flux is of importance in con¬ 
sidering the production of alien tones caused by large low-frequency 



Distance from outer pole Face (cm) 


Fig. 91. Diagram illustrating method of 
measuring flux at any point along the axis 
of a speaker magnet. 

amplitudes. To determine this the foregoing methods can be modi¬ 
fied slightly. By constructing a former with a number of closely 
spaced coils, each pair can be used in turn to determine the flux in the 
intervening space. This also applies to measurement of leakage flux 
within and without the magnet. The field current can be reversed or 
the former withdrawn from the magnet. As an alternative a single 
coil can be used. By means of a micrometer screw [100 b, 104], it can 
be inserted at various distances inside or outside the magnet. When 
the coil is withdrawn or inserted, it cuts all the flux between its 
initial and final positions. The flux-displacement curve so obtained 
takes the form illustrated in Fig. 91. The ordinate anywhere repre¬ 
sents the total flux cut up to that point (abscissa). The flux density 
can be determined either directly from the reading or by aid of the 
curve. If Sx represents a small axial displacement, the area through 
which the flux passes radially is 277rSr, where r is the mean coil radius. 




234 


MAGNETS 


[XIV. I 

The total flux passing through this area is 80. Thus the flux density 
at the midpoint of Sx is SO/277r Sx = Bg. In the limit when Sx, 80 
are infinitesimal, the flux density is 

j 5 ^ _ slope of curve_ 

^ 277r dx mean circumference of coil’ 

The two curves illustrated in Fig. 92 were obtained in this way. The 
flux obtained by withdrawing a single coil from the position G, Fig. 87, 



OUTER 
FACE OFX 
ELECTRO¬ 
MAGNET 


CENTIMETRES 


INNER 
.PACE OF 
ELECTRO¬ 
MAGNET 


Fig. 92. Diagram showing distribution of flux in 
air gap of electromagnet of Fig. 87. Curve 1 is for 
a gap of i in. (0*32 cm.) and curve 2 for a gap of A in. 
(0*24cm.). It should be observed that the leakage 
with the smaller gap falls below that for the larger 
gap at the points X, F. 


exceeds appreciably that on withdrawal of a differential coil whose 
axial length is that of the gap. This shows that a considerable propor¬ 
tion of flux ‘leaks’ and does not enter the annular air-gap. The per¬ 
centage leakage, however, is not an absolute criterion of the efficacy 
of the magnet. The proportion of the total m.m.f. acting at the gap is 
the important item. In the ideal case, i.e. with a magnet of infinite 
permeability, all the m.m.f. would be expended at the gap. Under this 
condition the m.m.f. is Bglg — l-257?i/, where nils the total ampere 
turns and Ig the radial length of the gap. Data are given in Table 16 
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showing, (a) the gap flux density Bg calculated from this formula, 
(5) that obtained by experiment. The ratio of the two {bja) represents 
the proportion of the total ampere-tums spent on the gap. The re¬ 
mainder is wasted on the reluctance of the magnet and in creating 
leakage. The leakage and main magnet paths are in parallel, and for 
this reason the large relative value of the leakage flux must not be 
regarded too seriously. Owing to decrease in permeability of the 
magnet with increase in flux density, the m.m.f. expended thereon 
increases also. This is illustrated by the data [100 a] in Table 16. 

Table 16 

Dimensions of gap: 1^ = 0*238 cm., axial length 0*95 cm., mean diameter 5 cm. 


Total ampere 

Gap flux lines cm.~^ 


turns on 

Theoretical 

Actual 

Percentage 

magnet 

_(a) 

(b) 

Ratio (bJa) 

1,000 

5,280 

4,600 

87 

2,000 

10,500 

8,600 

82 

3,000 

15,840 

10,600 

67 


It should be noted that the leakage flux is not the difference 
between columns (2) and (3). 

With 3,000 ampere-tums the proportion of total magnetomotive 
force at the gap is less the shorter the latter. This is due to the greater 
flux density which is associated with lower permeability of the 
magnetic material. 

The influence of reduction in the radial length of the gap is exhibited 
in Fig. 93. The gap density is increased some 25 per cent, by a corre¬ 
sponding air-gap reduction from 0-32 to 0*238 cm. A further decrease 
to 0* 16 cm. would give a density of about 12,000 compared with 8,000 
for 0*32 cm. The number of ampere-turns is 2,650, entailing a watt loss 
of 33. The futility of cast iron for loud speaker magnet construction 
is clearly indicated by curve 3, Fig. 93, and column 4, Table 17. This 
is due to the low permeability of the material. 

Table 17 


Total ampere 

Percentage of total ampere-tums used on air-gap 

tut ns on 
magnet 

Steel magnet 
0-32 cm. gap 

Steel magnet 

0 233 cm. gap 

Cast iron magnet 
0'278 cm. gap 

1,000 

86 

87 

40 

2,000 

84 

82 

35 

3,000 

73 

67 

29 



(236) 


2. Permanent magnets 

The methods of flux measurement are identical with those for electro¬ 
magnets except that there is no field winding through which the 


EXCITATION WATTS 



Fig. 93. Mean air-gap flux-density plotted against 
ampere-turns. Remanence lias been neglected. 

current can be reversed. In general, however, this method would 
not be used for an electromagnet. There are two main classes of 
magnet steel, (a) with a percentage of tungsten, (6) with a percentage 
of cobalt. The cobalt content varies up to 35 per cent. Since cobalt 
is an expensive metal, a 35 per cent, steel must be used in moderation 
where economy is concerned. The object to be attained is to produce 
a magnet of suitable strength and dimensions at a reasonable price. 
With this end in view it is customary to employ magnet steel con¬ 
taining from 9 to 15 per cent, of cobalt, although 35 per cent, is used 
in certain cases. The leakage in a permanent magnet is usually higher 
than that in an electromagnet working under similar conditions, i.e. 
gap density, area, and length. To obtain densities of the same order 
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as those cited in connexion with electromagnets would necessitate 
a large, heavy, and relatively costly permanent magnet. An approxi¬ 
mate outline of the factors governing the design of permanent magnets 
is given below. 

The (J?, H) quadrant of a typical 9 per cent, cobalt magnet steel is 
shown in Fig. 94, curve 1. This represents the relationship between 
the flux density and the demagnetizing or negative value of J? in a 
uniform ring of magnet steel having no air-gap. As soon as an air- 
gap is introduced, conditions are changed. Point on the curve is 
obtained by highly magnetizing 
an endless test piece and then 
removing the magnetization. To 
obtain the quadrants 1 curve the 
magnetization is reversed until 
the value known as the 
coercive force, is reached. In 
practical magnets demagnetiza¬ 
tion is caused by surface polarity 
incident to the presence of an 
air-gap, but it never reaches so 
far as the point H^, 

There is a certain point on the 
quadrant where the product of 
the ordinate and abscissa BH is a maximum, and this gives the 
optimum working condition. The energy obtainable from a magnet 
used for loud speakers, moving-coil ammeters, voltmeters, and the 
like is then a maximum for a given volume of metal. As shown in § 6 
the power obtainable from a loud speaker is 

P^KB^VJ,, ( 1 ) 

K = constant. Assuming ideal conditions, where leakage is absent, the 
flux density in the magnet is identical with that in the gap, provided 
the cross-sectional areas are equal and the magnet uniform. When 
the area of the magnet exceeds that of the gap the density in the 
magnet is n a 

r" = (2) 

In practice leakage occurs along the magnet, so H varies throughout 

Im 

the length. Since there is no applied m.m.f., Bglg— J H^dl^ must 
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Fig. 94. Hysteresis quadrant and BH 
curves for 16 per cent, cobalt magnet 
steel. 
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be zero, i.e. the gap flux is maintained in virtue of the retentiveness 

of the steel. As a first approximation the variation in H along the 

u 

magnet may be neglected, so we can replace J by Thus 

0 

in the hypothetical case of zero leakage, Ig = Alternatively, 

suppose a toroidal magnet of length is uniformly wound with n 
turns of wire. The demagnetizing m.m.f. due to a current I is 
1-257 nl = If the magnet is now at the same point as it is 

with an air-gap, the magnetic potential for the gap is equal to the 
demagnetizing m.m.f. or 

~ ( 3 ) 

From (2) and (3) B^lgAg = 

or BlVg 

which with the aid of (1) gives 

P = (4) 


Thus for given power the volume of the magnet 


F oc 


(5) 


since/g and K are fixed for any specific design. Thus the volume of 
the magnet is a minimum when B^H^ is a maximum. A curve of 
BH against H is shown in Fig. 94, and the optimum working point 
is where BH has its maximum value. Using the subscript ‘op’ to 
signify optimum values for the magnet, we have, from (3), 


I — 

~~ x;- 


( 6 ) 


Bg and Ig are settled initially, whilst //^p is the value obtained from 
the curve where B„^H^ is a maximum. In this way the length of the 
magnet can be determined for the ideal case of zero leakage. 

From (2) 




B^„ ’ 


(7) 


where is obtained from Fig. 94. This completes the design of the 
magnet so far as calculation is concerned. 

We saw in § 1 that considerable leakage occurs in electromagnets 
and this apphes even more acutely to permanent magnets. The 
percentage leakage varies with the shape and design of the magnet, 
but is usually from 50 to 60 per cent., i.e. the total flux is from 2 to 
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2*5 times the gap flux. Consequently in practical design this must 
be taken into account. 

3. Effect of non-uniform axial distribution of gap flux 

The force on the moving coil carrying a current I is Cl. At low 
frequencies, if the amplitude is large, the coil moves out of the gap an 
appreciable distance. In so doing the mean flux density associated 
with it decreases, and the driving force is no longer proportional to 
the current. Consequently the acoustic output contains alien fre¬ 
quencies. If these are of sufficient amplitude and occur in the range 
500 to 3,000 ~ where the ear is most sensitive [211], the reproduction 
will be unpleasant. To radiate 0*125 watt in free air at 50 ~ from a 
diaphragm 10 cm. radius necessitates an amplitude of 0*65 cm.* Thus 
a coil used in the magnet of Fig. 87 moves well into the leakage field 
and distortion occurs. Another effect of the leakage field is described 
in § 6. Owing to reduction in radial field outside the gap the coil 
tends to move progressively into the weaker portion and a form of 
rectification occurs. Distortion is absent provided the product of 
mean flux density and turns is constant throughout the travel of the 
coil. This happens if the field is uniform and remains so despite the 
coil current. For large low-frequeney output an axial gap length 
appreciably in excess of the coil length, or vice versa, is implied. The 
former necessitates a larger and more costly magnet. To ensure 
uniformity the pole-pieces can be shaped as shown [192] in Fig. 95. 
The inner and outer pole-pieces are chamfered at each end of the air- 
gap whilst the coil length exceeds the width of the parallel portion and 
preferably the whole gap. The flux is concentrated chiefly in the 
narrow parallel portion. Even though distortion of the weaker field 
in the chamfered part ensues, due to coil current, the flux inter- 
linkage will be substantially constant. Whilst such a scheme is 
satisfactory for moderate acoustic output, it is preferable to use a 
special loud speaker for large low-frequency output or to adopt the 
horn or directional baffle type (Chap. XX). 

4. Flux density considerations in electromagnet 

In designing a loud speaker magnet it is customary to commence by 
specifying the dimensions of the gap and the mean flux-density 
required therein. Allowing for leakage, by aid of experimental 


♦ This applies to one side of the diaphragm in a very large baffle. 
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data, and knowing approximately the total flux at various parts of 
the circuit (from tests on similar designs), the cross-section of metal 
required can be allocated. When, however, we are confronted with a 
magnet and have no knowledge of the flux density therein, it is rather 
difficult to make accurate calculations. This is due to variation in per¬ 
meability with flux density, and to the unknown value of the leakage. 
We are aware by measurement that the total flux in Fig. 87 near the 
base of the centre pin is about 3*1 x 10 ® lines, whilst that in the gap 



Fig. 95. Diagram showing speaker magnet with cham¬ 
fered poles and coil longer than the air gap. The flux 
distribution is for zero coil current. 


is l‘ 86 xl 0 ® lines for a certain magnetization. Unless the leakage 
is measured by search coils placed in various positions within and 
without the magnet, it cannot be known to any degree of accuracy. 
It can be calculated approximately, but this is a protracted process 
which we will not attempt here. 

In the absence of leakage the total flux is constant throughout the 
magnetic circuit. On this basis, with the aid of well-known formulae 
and a permeability curve of the steel, the reluctances of the various 
portions of the circuit in Fig. 87, for a total fluxO = 3-1 x 10 ® lines, 
were calculated to be as follows: 

Air-gap = 1-07 x lO-^; centre pin 5^2 = 4 x 10 ~®; annular base 
/S 3 = 4x 10 “®; outer shell 8^ = 1-76 x 10 “^; outer pole ring 
fifg = 3*3 X 10“*. The total reluctance is 1*5 x 10“^, necessitating 3,760 
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ampere turns, which, in the absence of leakage, yields a gap density 
of 2x 10* lines cm.“^ Comparing this with the actual case we find 
that 3,000 ampere turns gives a gap density of only 12,600, which 
emphasizes the importance of leakage and magnetic reluctance. The 
centre pin accounts for nearly 30 per cent, of the whole reluctance and 
the leakage therefrom is appreciable. Owing to crowding of the flux at 
the junction of the pin and the base this portion works at low per¬ 
meability. It is reasonable to suppose that the design of Fig. 87 could 
be improved (a) by using a pin of material of higher permeability at 
large flux densities or one of ordinary material of greater cross- 
section, this being reduced to the diameter in the gap by a 30° 
chamfer;* (6) increasing the thickness of the base and using a generous 
fillet between the pin and the base; (c) increasing the thickness of the 
outer pole ring and tapering it down slowly to the air-gap. The 
reluctance associated with the base and the pole ring is not con¬ 
spicuous in the preceding calculations, since the assumed permeability 
curve was for good steel. In practice the reluctance may be im¬ 
portant according to the magnetic quality of the metal. In case (a) 
it is feasible to use cobalt iron (not steel) for the outer end of the pin, 
where the diameter is reduced. Provided the price was not prohibi¬ 
tive this metal could also be used for the inner portion of the outer 
pole ring. To minimize the influenceof axial non-uniformity of the mag¬ 
netic field in the air-gap, the centre pin can be extended outside the 
outer pole ring, whilst the latter can be chamfered as shown in Fig. 95. 


5. The output criterion of the magnet [101] 

To obtain the quantity upon which the output from any given electro¬ 
magnet or permanent magnet depends, it is necessary to deduce the 
acoustic power in terms of the flux density and the dimensions of 
the air-gap. 

The acoustical power is 

P=IlRr, ( 8 ) 


where /g is the coil current. For any given type of diaphragm, by 


(25), Chap. VII, 


= urC^, 


(9) 


where m is a parameter dependent upon the diaphragm and the 
frequency. The current is governed by the coil impedance and the 
power valve resistance The former varies throughout the audible 


3837.3 


* See Fig. 79. 
B 
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register. At electromechanical resonance, where the coil reactance 
vanishes, the impedance is purely resistive. For maximum dis¬ 
tortionless output the condition is = 92 ?^, where 9 depends upon 
the valve characteristics, but usually lies between 2 and 3. The ratio 
of the transformer njn 2 = maximum output B^, and 

therefore the anode current (a.c.), is constant for a given grid voltage. 


Thus 

712 V \P^} 

or 

iHi 

II 

II 


( 10 ) 

J\2 

since both and are constant. 

Now B2 = + 

where = copper resistance of coil, 

B^ = electrical resistance due to iron loss, 

B^ = electrical resistance due to diaphragm loss, 

Bj. = electrical radiation resistance due to sound. 

The iron and diaphragm losses introduce unknown quantities, so they 
will be omitted, and wc shall write 

B2 = B,+B,. ( 11 ) 

From (8), (10), (11) the acoustic output 


p = -: 


K^B, 


Pc+Rr 


or 


P_ 


( 12 ) 


1 + ( 1 /^) 

where x = BJB^. 

Formula ( 12 ) gives a curve of the type illustrated in Fig. 96. When 
X — 0, By = 0, P = 0 and there is no radiation (in vacuo). The 
output depends upon* x, and it will be regarded as the criterion of the 
system. The n.c. resistance of the coil is iZ^ == where I — 27 rro, 

A — cross-section = hlgfjn 

- total copper section - , 

/ = — —- - — = space factor, 

section of gap 

Substituting above for I and A we obtain 

* This is not to be interpreted as ‘directly proportional to’ x. 





Fia. 96. 


Curves illustrating the expression P = 


K, P 

:. . or — 


l + (l/x) Ai l + iljx) 

and diagram showing dimensions of air-gap of magnet. 


concerned the criterion is B'gVyfg, this being Stt times the magnetic 
energy in the volume occupied by the metal of the coil. Thus the 
criterion can be expressed as x volume of copper = B^ V^, 

In specifying a magnet, it is obvious that a statement of the flux 
density by itself has no value, since the gap dimensions are left out of 
account. Also a statement of B^ Vg is meaningless, for of two magnets 
with equal values of B^ Vg the air-gap of one might be inadequate to 
accommodate a suitable coil. This is where the space factor becomes 
important. With a gap of 0-16 cm.,/^ has a value of from 0-4 to 0-5, 
whereas for a 0-08 cm. gap/^ varies from 0*2 to 0*3. Consequently 
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the energy output from the smaller air-gap is less than that from the 
larger. 

The problem can be viewed from another angle. With an air-gap 
of 0-16 cm., we could accommodate 50 turns of wire having a re¬ 
sistance whereas in the more restricted space available with a 
0*08 cm. gap, the diameter of the wire would be much smaller and its 
resistance appreciably in excess of R^. Thus the dead loss in the latter 
case would exceed that in the former, with a corresponding reduction 
in current and, therefore, in sound output. 

It follows that the specification of a magnet should be accompanied 
by the quantity Eg Vg and the gap dimensions, so that can be 
computed. 

By hypothesis the Vgf^ criterion applies when the coil reactance 
is zero. If the best magnet is selected on the E^Vgf^ basis, it will 
fulfil the optimum condition in the lower register of an actual repro¬ 
ducer where iron and diaphragm loss occur. The output in the upper 
register is influenced by the mass, diameter, etc. of the coil, but no 
definite relationship has been established analytically. Moreover, it 
is out of the question to incorporate this in the preceding analysis. 

A point of interest arises when economical considerations are 
waived. Assume we have a magnet with Ig — 0*96 cm., the remaining 
quantities being equal to that of another magnet with Ig — 0*16 cm. 
From the above criterion the output with the former magnet would 
appreciably exceed that from the latter. The ratio of the outputs is not 

the latter varies as x. With a 0*96 cm. gap a coil of 50 turns can have 
a very low resistance indeed, but the reactance will be unaltered. 
Thus the increased output will only be felt over a limited band of 
frequencies where the copper loss is an important fraction of the 
impedance. At the same time the large mass of the coil*—unless 
aluminium were used—would restrict the amplitude causing a 
reduction in the output, particularly at the higher frequencies. More¬ 
over, a gap of this length is of no practical value. If Vgf^ remains 
constant, an increase in radius of the coil is accompanied by a larger 
output. The inductive and motional capacitive reactances both 

♦ This statement is made on general grounds where hornless or horn speakers are 
concerned. If only a limited low-frequency register is to bo covered, a heavy coil 
can be used. 


l+(l/a;) 


and it is not proportional to jBj Vgfg since 
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increase proportionately to the square of the radius, so that the 
increase in output is again limited to a definite frequency band, 
unless the current is constant at all frequencies. Under the latter con¬ 
dition the internal resistance of the valve is so high that there is little 
damping of the natural oscillations, which assume undue prominence. 
The preceding argument shows that the quantity BgVgfg= BIV^ 
must be used with discretion. 

We are now in a position to deal with the factor B^VglSn which is 
sometimes cited by manufacturers as a criterion. As we have seen 
above, the output from a loud speaker is only proportional to B^Vg 
when the radiation resistance is small compared with the copper 
resistance. This is approximately true for a number of reproducers 
where the resonances are relatively weak. But it is inapplicable to 
a moving-coil reproducer of the horn variety where the radiation 
resistance is 0-3 that of the total resistance. Also we have shown by 
preceding examples that B^Vg has to be used in conjunction with 
other information connected with the reproducer. Moreover, it 
should be clear that Eg does not tell the whole story by any 
means, and that details of the air-gap are a necessary adjunct. 

6. Rectification due to leakage field of magnet: Mathieu’s 

equation 

In any circular type of magnet used for loud speakers it is obvious 
that the radial field must diminish rapidly, as a leakage field, outside 
the air-gap. At low frequencies the amplitude of the diaphragm may 
be so large that the coil moves well into the leakage field. The force 
exerted upon it, arising from the mutual influence of the current and 
magnetic field, is then a function of the distance of the coil from its 
central position.* With a moving-coil speaker having very weak axial 
constraint, the diaphragm moves out of the magnet at low frequencies 
when the amplitude is large [100 a, 101, 185]. A considerable axial 
force is required to restore the diaphragm to its normal position, and 
on removal of this force the diaphragm darts outwards again. Clearly 
there is a unidirectional component, and the action simulates recti¬ 
fication. In fact it has been designated electromechanical rectification. 

To explain the effect it is preferable to consider a simple hypo¬ 
thetical case. Fig. 97 a represents a circular coil situated in a radial 

* Unless the axial length of the coil exceeds that of the gap as in Fig. 95, so that 
the total flux embraced is the same for all working positions of the coil. 
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magnetic field whose strength varies linearly from the point 0 (com¬ 
pare this with the leakage field on the left in Fig. 92). The coil is 
fed with alternating current of constant r.m.s. value from a high 
resistance source. If A is the extreme position of the coil at any 
specified epoch, assume the current to have its maximum value ^max* 
The coil is then momentarily at rest with maximum force urging 
it in the direction x^. It moves with increasing velocity until B is 
reached, when the current and the driving force are zero. At B the 
kinetic energy is a maximum. The coil passes B and ultimately 


(a) 



Fid. 97. Diagram illustrating electromochaiiical 
rectification effect due to a coil moving in a non- 
uniform radial magnetic field (Mathiou equation). 


stops when the work done upon it is Since the field gradually 

decreases to the left of B, the velocity at C is not zero when the 
current is (Consequently the coil moves beyond C and stops 

at D where the current is —this being less (arithmetically) than 
—/jnax- T'he coil now returns in the direction the current and 
magnetic field being less than at A. The accelerational period is 
reduced to PQ which is a fraction of RS, Clearly the coil cannot 
reach A, and in the long run it experiences an axial displacement in 
the direction x^. In the case of a loud speaker the action is due to 
the leakage field. Since the value of the radial field is greater within 
than without the magnet, the coil moves outwards. If, however, the 
equilibrium position, in the absence of driving current, is brought 
further within the magnet, the coil will move inwards when supplied 
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with A.c. Owing to the small travel due to proximity of the magnet 
spool, it usually bounces off and wends its way outwards, unless the 
system is specially designed to avoid this. 

The mathematical analysis of the above phenomenon is illuminating 
and involves a form of Mathieu equation [80 b]. Being of considerable 
practical importance the analysis is given in full. 

k' = = slope of line in Fig. 97 a, 

then C = 2TTrnB = 

Neglecting mechanical loss and radiation and assuming absence of 
axial constraint, the differential equation of the system moving in 
a linear radial field is 

m,^ + C/cosw< = 0 . (16) 

Writing wt z and substituting in (16) we obtain 

^ + ?^CO8Z=0, (17) 

where q = 27Trnk'II(x)^m^. 

This differential equation is a particular case of a Mathieu tjrpe 
whose canonical form can be written as 

^+(a+gcosz)^ = 0. (18) 

In our case the parameter a is zero. To solve (17) assume [ 222 ] 

^ = 2 (19) 

n=—00 

Substituting (19) in (17) and equating like powers of to zero, we 
obtain the recurrence relationship 

-2a„(/i+n)2+g(o„_i+o„+i) == 0, (20) 

or 

from which the coefficients can be determined in terms of /x, 
and q. Eliminating coefficients from the system of equations repre¬ 
sented by (20 a), we get the infinite determinant, 
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.1 = 0 . 




2 (/x- 2)2 


-g 


0 0 


0 


0 


1 

2 /i 2 

0 


—g 


2 (m- 1 )^ 


( 2 /x+l)>' 


2fi^ 


-g 


2 (/x+ 2)2 


0 

0 

—g 

2 (ft+l)* 

1 ' 


Taking the first three columns and rows about the origin as an 
approximation, we get the sextic equation 

2/^6-V+p.2(2-g2)-g2 ^ 0. (21) 

Putting q = i, this being a reasonable practical value when the 
frequency of the coil current is .50 (21) becomes 

60ju.«-100;Lt«+4V-l = 0. (22) 

The roots of (22) are fi = ±1‘1. dbO'89, and ±0'16. From the 
recurrence relationship in (20) we obtain the three equations 


-2{fi-lfa_^-^qa^+0 = 0 ' 

qa^j^—2fji^aQ-{-qa^ — 0 , 

0 +ga„- 2 (/Li+l) 2 oi = 0 ^ 


(23) 


the two zero terms being present since only a third order determinant 
is involved. 

Solving (23) for a_i and in terms of Op and using the six values of 
/X from (22), we obtain the results in Table 18. 


Table 18 



O 1 

«ii 

M 

lOo, 

0*023cfo 

-M 

0023ao 

lOoo 

0-89 

0*83ao 

0-028o„ 

-0-89 

0-028ao 

0-83oo 

016 

0142ao 

0-074ao 

-0*16 

0-074oo 

0142ao 

Total 

11 097ao 

11 097ao 
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The approximate solution of equation (17) is, therefore, 
I = Oo(10e«i*'+e“^+0-023e*'i‘»+ 
+0-023c-*'i*’+e-i 1*'+ lOe-® i*’+ 

+0-83e-® iii«-f-e® 8»^+0-028e^®®^+ 
4-0-028e-i'8»«+e-® 89«*4-0-836® 


+0-142e-® M«+c® i«’*4-0-074ei i««-f 

4-0-0746-1 i6»*+e-® i*'*4 0- 142e® (24) 

When < = 0, z = 0 and ^ = ig- Inserting these values of x and z 
in (24) we find that t 

(26) 


— 


28-2 


Thus 




28 2 ^ ^ ^ ^ ^ 0* 16z+0'282 cos 0*842+ 

+ 2cos 0*892+2cos 1*12+0*148 cos 1*162+0*056 cos l*89i2+ 


+ 0*046 cos 2*12). (26) 

From (26) it is evident there are 9 components whose frequencies 
differ from that of the driving current. The actual values are found 
on multiplying 0* 1, 0* 11, etc. by the frequency, i.e. 50 in this particular 
case. The relative importance of any component depends upon the 
magnitude of its coefficient. Neglecting those with small coefficients 
we find that the coil displacement is given approximately by 

f = -^®^(10cos01a>^ + cos0*16a>^ + cos0*89a>^ + cos l*la>f). (27) 


The chief feature of (27) is the reduction in frequency of the main 
component to one-tenth that of the driving current.* The amplitude 
is, however, ten times that of the other three components. A rough 
idea of the curve represented by (27) is shown in Fig. 97 b. The 
coil reaches the position ^ = 0 just before the quarter-cycle of the 
(0*lco/27r)th component. Since the magnetic field is absent to the left 
of the origin (^ = 0), the coil then experiences no force due to the 
alternating current in it. Once this position is reached the coil cannot 
return and in absence of mechanical resistance it moves on with 
constant horizontal velocity. In this way the electromechanical 
rectification effect can be explained. If the field were negative, to the 


* The smaller the driving current the lower are the component frequencies and 
the longer the time taken by the coil to come out of the magnet. 
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left of the origin, the motion of the coil would be periodic and it would 
return. The main frequency, however, would be one-tenth that of the 
driving current. 

The complete solution of equation (17) contains an infinite number 
of alien frequencies which may mar the reproduced sound if the low- 
frequency amplitude is too large. 

In equation (18) suppose ? = 0 , then the alternating current in the 
coil is zero. The parameter a can be either positive or negative. In 
the former case, provided the magnetic field is negative behind the 



Fio. 98. Illustrating arrangement for demonstrating the 
stability and instability conditions in a Mathieu equation. 


origin, we have {z = wt), 

^+ 0 ^ = 0 , so ^ = ^iCOs(Va 2 :+e), (28) 

the motion being periodic and stable. When a is negative 

^ = 0, so ^ = Ai cosh ^az+Bj^ sinh Vas;, (29) 

and the amplitude increases in one direction without limit as time 
progresses, there being no oscillation. These conditions correspond 
to a steady direct current in the coil. According to its direction it 
promotes oscillation (a positive) or causes the coil to move into the 
denser part of the field {a negative). A practical arrangement to 
demonstrate these effects is shown schematically in Fig. 98. It is 
interesting to note that oscillation is caused by a steady unidirectional 
current in the absence of mechanical constraint. 

The physical condition corresponding to a positive value of a can 
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also be obtained if the coil is suspended, as shown in Fig. 98, there 
being an axial elastic constraint acting towards the origin. Using 
the mechanical constraint or the direct current, or both, to make a 
positive, the passage of sinusoidal alternating current through the 
coil gives physical conditions represented by the canonical form of 
Mathieu’s equation (18), The solution is periodic, according to the 
relative values of a and q. 


7. Influence of flux variation within the air-gap [185 b] 

When the outer pole ring of the magnet is quite narrow the axial 
variation in flux density within the gap may be appreciable. Assuming 
the distribution to follow some definite law, it is possible to show that 
the output, even at small amplitudes, contains alien frequencies. 
The force on the coil per unit current is 

c = J 

where I is the total length of wire uniformly spaced on the coil, b the 
axial gap width, and | the distance of the coil from its central position. 
Assuming the axial distribution of flux to be By = J5—cpP, where 
9 is a constant, the above integral gives G = Ci*— 9 ^^^, where 
Cl == 9 Z 62 / 12 . In practice, where the surround and centring 

device impose an axial stiffness or constraint, the differential equa¬ 
tion of motion, neglecting radiation and loss, is 

= (Cl—cos oit. (30) 


Putting oit = z, (30) becomes 


where 


(a| 2 - 6 )cos z+c^ = 0 , 


a — 


; and c = - * = (^\ , 


(31) 


coq corresponding to the fundamental frequency of the diaphragm on 
the axial constraint. This is a non-linear equation whose solution 
contains an inflnite number of frequencies, some of these being lower 
than the fundamental. To eliminate distortion the construction 
shown in Fig. 95 should be adopted. Then C is constant throughout 
the travel of the coil. 
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8. Effect of complex driving force 

Hitherto our analyses have been based upon sinusoidal driving forces. 
In practice the wave form of the driving force is complex. The 
influence of electro-mechanical rectification is to introduce not only 
alien frequencies due to each separate frequency, but sum and 
difference frequencies in addition. If the rectification effect is 
eliminated by the artifice described in § 3, the influence of non¬ 
linearity of the axial constraint will, in general, be responsible for 
the creation of additional frequencies together with sum and differ¬ 
ence frequencies. In both cases this can be regarded as a modulation 
effect where the large low-frequency amplitude causes the higher 
frequencies to be rectified on a non-linear characteristic. A simple 
analysis, relating to a condenser speaker working on a parabolic 
characteristic {f a: E^) is given in Chap. IX, § 1, (4) and (5). The 
coefficients of the alien frequencies are called modulation products. 
Under either of the above conditions it is possible to create fre¬ 
quencies lower than any of those supplied to the grid of the power 
valve, i.e. sub-frequencies. 

It is found in certain speakers that the motions of the coil and 
diaphragm, for a given forward and reverse direct current, are dif¬ 
ferent [163 a]. This is due to, (a) the coil not being centrally placed 
in the air-gap; (6) the magnetic field being asymmetrical about the 
axial centre of the gap; (c) asymmetrical restoring force due to the 
centring device and surround. The re})roduction under these con¬ 
ditions will be tinged with alien frequencies. 
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1 . There are a variety of ways in which the efficiency of a loud 
speaker can be defined, and care must be exercised to avoid con¬ 
fusion. The most important definitions relate to, (a) acoustic effi¬ 
ciency, ( 6 ) absolute efficiency; but there are others which we shall 
not discuss. We are not here concerned with the efficiency based on 
the power supplied to the valve from the high-tension source. The 
efficiency obtained using (a) is that mainly required in practical 
design (see Chap. XX). In ( 6 ) and (c) the valve is regarded as an 
A.c. supply source of resistance and the efficiencies obtained must 
be interpreted with this in mind. See [48] for a critique on efficiency. 

(а) The acoustic efficiency 

___ power radiated as sound 
power input to driving agent 

PBy, B, B,+B„: ' ^ 

where is the motional resistance including mechanical losses.* In 
the ideal case the entire resistance is due to radiation and = 1 . 
Since is a power ratio, it can be expressed in decibels below zero- 
level, so ^ 

logio Va = decibels. ( 2 ) 

The acoustic efficiency varies with frequency according to the type 
of loud speaker. For instance, in a moving-coil horn speaker designed 
to cut off at 60 the efficiency rises sharply to a definite value 
which is well maintained up to 3,000-4,000 ~, after which it falls 
away. 

(б) Absolute efficiency for optimum output with a given power valve. 
Since a loud speaker is associated with a thermionic power valve, the 
latter must be taken into account in an estimate of efficiency [125, 
130]. If R^ is the A.c. valve resistance and R the radiation resistance 
of the ideal loud speaker in series therewith, the power radiated for 
a given grid swing is a maximum when = R, The efficiency is 
then 50 per cent. This is easily proved as follows: Let E = impressed 

* As a first approximation provided the mechanical loss if,. 
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I = circuit current: then I = Ej^R+B^ and the power 
radiated as sound is « 


P = PR = 


E^R 


(3) 


If we take dPjdR and equate to zero, {R^-\-R)'^—2R{R„-\-R) = 0, 
from which it is found that = R. Inserting this value in (3) the 
power radiated is pa 


and this is the maximum obtainable from the valve for a definite 
grid swing. 

When an actual speaker is connected in the valve circuit, the 
radiation resistance is only a fraction of i?, whilst the reactance 
causes a reduction in current, particularly at high frequencies. The 
acoustic power is 


PR. 


= f-T 


Rf, 


(5) 


where {R^+R-^Y-\-iPL\. All quantities are referred to the 
anode circuit of the valve. If a transformer is used its losses may or 
may not be included in those of the speaker. As it is an integral part 
of the apparatus the losses should be included. To do so it is essential 
to measure jB^ and on the valve side of the transformer. When 
the latter is excluded, the requisite values of R^, arc found by 
direct measurement on the speaker, the results then being multiplied 
by the square of the turns-ratio of the transformer. 

The absolute efficiency for a given power valve is defined as 


__ acoustic output with actual speaker in circuit 
acoustic output with ideal speaker in circuit ’ 
From (4) and (5) we obtain 


^ab 


since R = JR^. 

Converting (6) to decibels. 


4rRR^ 


47?,, R^ 

Z- 


(G) 


lOlogio’Jab = (7) 

In the ideal case Zi — 2R^, 7?^ = 7?„ and the decibel-level is zero. 
From (6) and (7) it is seen that varies with change in R^, To 
ensure a definite basis of comparison it is essential that R^ be fixed, 
since it determines the circuit condition. 
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(c) Absolute efficiency based on distortionless output. The maximum 
distortionless output is obtained when the load resistance is 9 times 
that of the valve; 9 is a parameter found from the valve charac¬ 
teristics. Its value is from 2 to 3 for a triode and from | to | for 
a pentode. The absolute efficiency for a given grid voltage swing 
exceeds that in § 2 . The maximum possible output, before the curved 
portions of the valve characteristics are encroached upon, is now 
greater, since the permissible grid swing exceeds that when JfZ = 
and 9 = 1 . 

In the case of the ideal speaker the total circuital resistance for 
maximum output is = JB^( 9 + 1 ), and the power radiated 

For the actual speaker the acoustic power is 

From ( 8 ) and (9) _ (cp+ 1 )* 

^ ^ 

When 9 = 1 formula ( 10 ) reduces to ( 6 ). Expressed in decibels, we 

= (ID 

9 

The absolute efficiency as defined above complies with conditions 
frequently observed in practice. As in the preceding section, the valve 
resistance must be specified to put the results on a comparative basis. 

(d) Mechanical efficiency. This aspect of the subject has received 

scant attention because on the whole it is not of great importance. 

By definition .. , . 

acoustic output 

^ = — - — — — - 

mechanical input at driving agent 


2. Measurement of efficiency 

To obtain the acoustic efficiency = BJRi the measured values of 
Rf and R^ are required. These can be found as described in Chap. 
XVI, §§ 2 , 3. Now from Chap. VII, § 5, 
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SO that the efficiency is 

( 13 ) 

The results set forth in Table 19 for a hornless speaker with baffle 
4 ft. square were obtained by aid of a vacuum chamber and an a.c. 
bridge [41]. The transformer was not included in the measurements. 
Up to 1,500 ~ the mechanical loss was not serious, but thereafter 
it became of importance and increased with rise in frequenc 5 \ It 
follows that useful information regarding efficiency can be obtained 
below 1,500 ~ without a vacuum chamber. The efficiency must then 
be regarded as a gross or apparent value where 
mechanical loss being included in Data pertaining to such tests 
are given in [44] Table 20. The speaker in question has a strong 
magnetic field and a diaphragm whose dimensions are as stated. It 
is considerably more efficient than either of the cases cited in Table 19. 
This is largely due to the intense field. For comparison the efficiency 
of a rigid disk of equal radius in an infinite baffle, driven by the same 
system, is given. At low frequencies it is about J that of the speaker, 
whilst above 1,000 ~ it decays rapidly due to spatial interference 
(Chap. V). The comparison must be clearly understood. Since an 
infinite baffle shuts off half the sound, from a j)ractical viewpoint the 
output from the rigid disk is only one-half the values given in 
Table 20. 

Table 19 

Efficiency of commercial speaker using 90° paper cones 7-5 
and 15 cm, radius. Other conditions unknown 


Frequency 

rs,> 

Acoustic efficiency 
per cent. 

7-5 cm. 

15 cm. 

400 

4-5 

7-5 

GOO 

6-8 

7-3 

800 

4-2 

90 

1,000 

40 

60 

1,200 

4-6 

2-6 

1,600 

2,800 

2-8 

601 

g ^ 1 Region of cone 

3,200 

2-8} 

2^1 resonances. 


The acoustic efficiency and radiation resistance are only criteria 
of output when the current is constant at all frequencies. To obtain 
the actual output it is necessary to multiply by the square of the 
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Table 20 

Showing apparent efficiency of coil-driven conical diaphragm 
with rvbber surround at various frequencies 


Bg ~ 1*1 X 10* lines cm. radius of diaphragm 12*2 cm., width of surround 1*8 cm., 
thickness of paper 2*1 X 10~* cm., n = 1,200 turns, 0 = 90°, = 4*7 gm. 


Frequency 

Apparent radiation resistance 
(i?^) ohms 

Apparent efficiency per cent. 

Cone in baffle 

6 ft. square 

Rigid disk in 
infinite baffle 

Cone 

Rigid disk 
{both sides) 

300 

336 

79 

161 

4-3 

500 

346 

83 

15-9 

4-3 

1,000 

396 

59 

18-3 

not calculated 

2,000 

192 

15*6 

7-9 

0-69 

3,000 

394 

7*1 

12-6 

0-26 



Fig. 99. Curve showing variation in axial sound 
pressure with frequency, due to a rigid disk 10 cm. 
radius vibrating in an infinite flat baffle, when the 
sound power is constant. 


current, i.e. E^IZf. If the power radiated by a rigid disk were con¬ 
stant at all frequencies, the axial pressure would increase considerably 
with rise in frequency above 1,000 This follows immediately from 
the beam or focusing effect (Chap. V). Assuming the axial power- 
level to be zero at 300 where the distribution is uniform in all 
directions, its value at other frequencies for constant output is plotted 
in Fig. 99. Up to 3,000 ~ there is no serious discrepancy between 
the axial output of the cone and that of Fig. 99. Above 4,000 ~ the 
cone output decays rapidly. Below 4,000 ~ the radiation from the 
conical diaphragm reckoned on a decibel basis is fairly uniform when 
the listener is suitably situated in an ordinary room. On the axis the 
upper register is rather powerful. 

3837.3 


s 
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3. Horn speaker 

Bridge measurements of a similar character to those in § 2 can be 
made with horn type moving-coil speakers. The efficiency of these 
instruments is higher than that of the hornless type, and the mechani¬ 
cal loss is a smaller proportion of the total power. Consequently the 
apparent efficiency gives a fairly accurate idea of the performance to 
be expected in practice. Curve 1 of Fig. 100 shows the efficiency of 
a unit of the type [50] illustrated in Fig. 82 A. To test the unit it was 
connected to a uniform tube 50 feet long, whose cross-section was 



Fig. 100. Curves showing efficiency of moving-coil horn speaker of Fig. 82 a 
at various frequencies, measured with a long tube of uniform bore, in place of 
horn. 


identical with that of the throat. The acoustical impedance at the 
throat is a resistance of value PqC/A (not PqcA which is the mechanical 
impedance*), being in the case under review about 17 e.g.s. units. 
To avoid reflection at the far end of the tube the acoustic termination 
should have this value. It was simulated by using a number of short 
narrow slits having an impedance of about = 17-fi.l6x 10~^a> 
e.g.s. units. At low frequencies, where co is small, z^j = 17 since the 
inertia component is negligible. At the higher frequencies, although 
the latter is relatively important, there is considerable attenuation 
in the tube, so that the energy reflected back to the throat due to 
improper matching at the far end is small. By using a vacuum 
chamber the mechanical loss could be obtained, but the input would 
have to be restricted owing to removal of the load. 

The method used to compare the actual and apparent efficiencies 
was an acoustical one. The power delivered by the diaphragm to the 

♦ See definitions 23, 30. 
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tube, when the pressure and particle velocity are in phase, is 

__ p^A _ 

Po^ 1*^ 

for the present case. To measure the pressure in the neighbourhood 
of the throat it is necessary to use a condenser microphone in such 
a manner that the operating conditions are unchanged by its presence. 
Accordingly an annular slit was provided on the side of the tube a 
short way from the diaphragm of the speaker. The acoustical impe¬ 
dance of this was fifteen times greater than that of the tube, so that 
propagation along the latter was undisturbed. This is analogous to 
using a high series resistance with a voltmeter, so that little power 
is drawn from the test circuit. The slit communicated with a con¬ 
denser microphone via a conical-shaped chamber. The combination 
was calibrated, and the tube pressure read directly on an ammeter 
connected in the output circuit of the microphone amplifier. 

The efficiency obtained in this way [50] is given in curve 2, Fig. 100. 
Comparison with curve 1 shows that the mechanical loss in the system 
is a small proportion of the electrical input. Above 1,500 ~ the 
efficiency exceeds that to be expected from theoretical conditions, on 
the assumption that the diaphragm acts as a rigid structure (curve 3). 
It appears, therefore, that the upper register is dependent upon re¬ 
sonances, as in other types of speaker. These are doubtless due to 
vibrational modes of the diaphragm. Information on this matter 
could be obtained from effective mass curves taken in vacuo (Chap. 

XVI, §§ 5, 6). Over a wide frequency band the efficiency is 50 per 
cent., which is of unquestionable advantage for public address or 
entertainment purposes. In commercial production and use, where 
an exponential horn is employed, the efficiency over the same fre¬ 
quency band is about 30 per cent. It is of importance to indicate that 
with efficiencies of this order, even in the absence of mechanical loss, 
the output at a resonant frequency cannot exceed three times the 
normal output. This statement is made on the assumption that 
the normal output applies to the frequency range where diaphragm 
resonances are not responsible for the high efficiency of 30 per cent. 

4. Measurement of absolute efficiency 

4J? R 

In decibels this is lOlogm—as shown in§ 1 (6), so that measure- 
ments have to be made to find and L^. For a horn speaker, 
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where the mechanical loss is relatively small, so that the 

essential data are obtained from measurements with the driving agent 
free and stationary. The result of tests on a horn type moving-coil 
speaker, covering a range from 3,000 to 12,000 is illustrated [39] 
in Fig. 101 . If it is desired to express these results in the form given 
in § 1 (c), it is merely necessary to raise the level throughout by 
1 decibel, i.e. 10(logio5-~logiQ4). This is based on the value cp = 2*5. 
Then ( 9 +1)^9 = 5, whereas in § 1 ( 6 ) it is only 4. The difference is 
of no practical importance. 



Fig. 101. Efficiency of liigh-frecxuency horn speaker relative to the ideal 
as determined from motional impedance measurements. 


5. Direct measurement of radiated power 

Instead of finding the radiation resistance R^ by bridge measure¬ 
ments, it can be determined from aeoustical measurements. If a 
‘dead’ room of fairly large dimensions is used, two conditions can be 
obtained: (a) the speaker (if of the hornless type) can be tested with 
its baffle in i^osition, this being equivalent to a free air condition 
where the instrument is a double source; (h) the speaker may be flush 
with one of the highly absorbent walls where the free air condition 
is simulated, one side of the speaker being screened. If it is desired 
to approximate to an infinite baffle, the wall in which the speaker is 
set should be large, flat, non-absorbent, and non-resonant. The baffle 
condition can only be obtained when the pressure is doubled in the 
plane of the diaphragm. 

Owing to local variation in curvature of the diaphragm surface and 
to the seam,* the radiation has not circular symmetry about the polar 
axis. Nevertheless for practical purposes it will be assumed that the 
degree of asymmetry is small. If a series of pressure measurements 
is taken by aid of a calibrated microphone, at a distance not less than 
12 radii from the speaker [140], for various angles in a horizontal 
plane containing the axis, the polar curve is obtained. From Chap. VI, 
§ 1 , the power radiated as sound is P = ( 1 /po^) JJ where is 

♦ This does not apply to moulded seamless cones. 




XV. 6] DIRECT MEASUREMENT OP RADIATED POWER 201 
the mean square pressure. When the speaker is set in one wall, the 
integration is to be extended over a hemisphere whose radius is that 
of the microphone from the speaker. To do this it is customary to 
adopt a graphical method as shown in Fig. 102, where the polar curve 
OMM is given for constant input current, although it can be given 
for constant voltage to the grid of the power valve. The latter pro¬ 
cedure, however, limits the curve to a particular valve resistance. 
The polar radii of this curve represent pressure, but since is 
required it is necessary to square each radius vector. This gives the 



Fig. 102. Tliis diagram is used to represent (l)p, the sound pressure 
at various angles with the axis of a loud speaker (curve OMM); (2)p® 
(curve ONY ); (3) the cross-section of a hemisphere of radius R, If the 
area A = y\ is measured by a planimeter in cm.'"', 

P 27rR^pl^Alp^c(Oj^ ri)^ergssec.-^ 
where is the r.m.s. axial pressure and 0^ is in cm. The formula in 
2ttRA 

the text is P = , which agrees with the foregoing when the appro- 

PoC 

priate scale factors are used. 


curve ONB which corresponds to on a hemisphere of radius i?, 
when the pressure and particle velocity are in i)hase. Taking the 
elemental annulus at A, its area is 2tt{AB)R == 27TE^sm<f> d<j>. The 
power passing through it is (27ri?-/pQC)p2sin^ where is the 
mean square pressure. The total output is the summation of this 

lit 

over the hemisphere, namely, {2ttR^IpqC) Jp^sin^ Draw a verti- 

0 

cal line and project the point A horizontally across; set off 
A^N^ = ON = p2. The curve O^N^D is obtained in this way. Now 
the vertical ordinate at is evidently iJcos^, and therefore the 
elemental strip is d(i?cos^) == — jBsin<^d^. Thus, neglecting the 

iTT 

negative sign, the area O^N^DY^ is R ]d(f> and the power 
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is therefore 27rRlpQC times this area. The latter can readily be found 
by aid of a planimeter. To convert the power to watts it is merely 
necessary to multiply by 10~^. 

Difficulties are often encountered at low frequencies due to inade¬ 
quate absorption, thus permitting standing waves to arise. Under 
such conditions it is preferable to make measurements out-of-doors 
[11,135], If the speaker is buried in the ground with the diaphragm 
flush to the surface, the infinite bafiie condition is simulated. Care 
must be taken to ensure that the reaction on the lower side does 
not influence the results. Unless adequate precautions are observed, 
an added stiffness will accrue due to the subterranean chamber, 
thereby influencing the lower register. 

6. Linearity tests 

Throughout a sound-reproducing system it is imperative that the 
action of each component should be linear [9Ga]. Thus when a sine 
wave is applied at the transmitter it should be radiated—excluding 
any distortion due to the medium—as a sine wave at the reproducer. 
In this respect it is of the utmost importance to know whether the 
deformation and general behaviour of diaphragms and their asso¬ 
ciated components under the action of vibrational forces is linear. 
There are several ways in which tests can be conducted: 

(а) The rej)roducer is arranged in a ‘dead^ room and a record taken 
of the axial sound pressure with steadily increasing input, at a series 
of frequencies. By aid of an oscillograph the output wave form can 
be seen. The graph of ini)ut versus outi)ut at any particular fre¬ 
quency should be a straight line. If it curls over with increase in 
input, non-linear action is present. This is not an infallible test unless 
the wave form is always sinusoidal. 

(б) The output can be taken to an electrical harmonic analyser and 
the power in the various components of the wave form ascertained. 
The output limit for a definite degree of distortion can then be found. 

(c) The input and outjDut wave forms can be magnified and applied, 
respectively, to two pairs of control i)lates of a cathode ray [86] 
oscillograph. The resulting figure can either be photographed or a 
note made when distortion reaches the permissible limit. In the 
absence of distortion the figure is cither a straight line or an ellipse. 

A record from a hornless moving-coil speaker showing flattening 
of the wave form due to a surround of inadequate elastic properties 
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and to the external leakage field (Chap. XIV) is given in Fig. 103. 
With a pseudo-elastic surround acting symmetrically about the equi¬ 
librium position of the coil, the positive and negative half-waves 
would be identical. Since they are not, the influence of variation in 
the magnetic field beyond the air-gap is in evidence. This, of course, 
only asserts itself when the amplitude is large at low frequencies. So 
far as reed-driven speakers are concerned, it is impossible to avoid 
harmonics at low frequencies with a diaphragm of reasonable dia¬ 
meter unless the natural frequency of the reed is fairly low. Under 
this condition the upper register is usually weak, except on the axis 
of the diaphragm (Chap. VIII). Since in all classes of speaker the 



Output 

Fig. 103. Oscillograph records illustratmg non-linear 
characteristic of hornless moving-coil speaker. 

amplitude decreases with rise in frequency, the tests for harmonic- 
creating propensities should be conducted with large amplitudes 
at low frequencies. Nevertheless it is necessary to conduct tests 
throughout the audible range as rattling may occur at certain 
frequencies. 

The second method of test, using an harmonic analyser, is illus¬ 
trated by the curves of Fig. 104 for a horn type moving-coil speaker 
at [18] 60 With an input of 2-5 watts the harmonic content in 
the output is 1 per cent. The output of the fundamental is 0*5 watt 
and the harmonic content is 20 decibels below that of the funda¬ 
mental. Although this is a wide margin, it must be interpreted 
with care. The ear is much more sensitive to higher harmonics 
than to the fundamental, but the latter tends to mask the former 
by raising the threshold of audibility. Consequently, if the har¬ 
monic content were only 10 decibels below the fundamental, a 
definite degree of impurity would probably ensue, but this depends 
upon the intensity-level. It may seem strange that the sound- 
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output in Fig. 104 rises more slowly than the input power, since 
for absence of distortion the relationship should be linear. The 
explanation is that the coil temperature rises with increase in 

input, so for a given watt loss 
the current is lower. This diffi¬ 
culty is surmounted by plotting 
the input current against the 
output. 

7. Endurance tests 

Although a loud speaker may 
be capable of handling large in¬ 
put, it is necessary to know 
what power can be supplied in¬ 
definitely for a given temperature 
rise of the operating coils. In a 
test of this nature the cooling 
effect of the air must be taken 
into account. Owing to the 
greater velocity at low fre- 
^ ^ quencies, the input for a given 

temperature rise may alter with 
fall in frequency. Moreover, it is preferable to choose a mean 
value of 500 in order to make the test really stringent. This 
will be an appropriate test for the low-frequency load capacity. 
Since in practice the current is greatest at low frequencies, the 
range above 500 ~ does not call for serious consideration. Thus 
a test to the limit at 500 ~ ought to give an adequate idea of 
the power-handling capabilities of the instrument. If any doubts 
exist it is a simple matter to conduct the test at lower fre¬ 



quencies. 

The coil temperature can be found approximately by bridge 
measurements of d.c. resistance. If the normal value is known, the 
rise can be calculated by taking the per cent, increase in resistance 
per 1°C. By aid of a change-over switch the endurance test can 
be momentarily interrupted to ascertain the temperature. A more 
accurate way is to remove the coil from the magnet and obtain a 
resistance/temperature curve, so that by measuring the former in 
situ, the latter can be read from the chart. 
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8. Strength test 

For a given input the coil excursions at 50 />>' cause stresses in the 
centring device and surround of a moving-coil speaker much in excess 
of those at 500 owing to the greater amplitude in the former case. 
It is advisable, therefore, to conduct a strength test at the lowest 
frequency to be adequately reproduced, the input being sufficient to 
give the desired information. Many hornless speakers capable of 
large output at 500 will fail at 50 owing to weakness of the 
centring device. Long before rupture occurs there will probably be 
non-linear action of the centring device and surround, thereby intro¬ 
ducing alien frequencies. As we mentioned in a previous section, it 
is essential to know the permissible input power for a definite per¬ 
centage of alien frequencies in the output at the lowest frequency 
required, say 5 per cent, reckoned on a power basis. 



XVI 

ELECTRICAL IMPEDANCE MEASUREMENTS 

1. When the impedance alone is required, apart from its resistive 
and reactive components, the simplest procedure is to apply a voltage 
of variable frequency to the grid of the power valve and make direct 
measurements of current through the speaker and the voltage across 
its terminals. The arrangement is shown diagrammatically in Fig. 
105. A Moullin or other high-impedance type voltmeter E must be 



Fig. 105. Simple circuit for approximate impedance 
measurements of speaker. 


used. Measurements on a hornless moving-coil speaker are illustrated 
[113 a] in Fig. 106. The sudden rise in impedance at 50 ~ is due to 
resonance of the diaphragm as a whole on the surround, whilst the 
upward trend above 300 is caused by inductive reactance. Peculi¬ 
arities due to diaphragm performance above 300 ~ have been 
omitted. The current through the speaker and power valve varies 
with frequency in a manner akin to that shown in Fig. 149. 

2. The most accurate method of measurement is by aid of some type 
of alternating current bridge. Experience seems to indicate that a 
bridge of the mutual inductance type illustrated in Fig. 107 A, B will 
give the greatest accuracy [91, 96 b]. This method, of course, enables 
the resistive and reactive components to be found separately, the 
latter being in the guise of an effective inductance which may be 
positive, zero, or negative. The two latter conditions represent reso¬ 
nance and capacity effects, respectively. 

The average variable mutual standard inductance is usually de- 
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signed for currents of a milKampere or so. Consequently, if tests are 
to be conducted at current values corresponding to those which 
obtain in practice, the apparatus must be specially designed to avoid 
overheating. Under these circumstances a preliminary test must be 
made to discover the current through the speaker at various fre¬ 
quencies to give a certain loudness-level at a specified frequency, when 
constant voltage is applied to the grid of the power valve. During 
bridge tests this value of current is used in the speaker. Such pro¬ 
cedure necessitates a powerful source, since a good deal of current is 
drained off by the bridge, whilst 
the auxiliary resistances cause a 
drop in voltage. The only reason 
for using currents identical with 
those in practice is to allow for 
the variation in resistance and 
inductance due to the magnetic 
material in the driving unit. A 
rough test is adequate to show 
whether variation in resistance 
and inductance with current is 
serious. If it is not, there is no 
reason to be fastidious, so the 
measurements can be made with 
standard apparatus. Naturally 
the tests are conducted with the 
speaker in a ‘dead’ room, so that no sound reaches the observer, 
whilst room reaction and microphone effect is eliminated. The latter 
is very disturbing at low frequencies when a visual detector is used. 
When the measurements are not conducted to determine the vibra¬ 
tional characteristics of the speaker, but are required for general pur¬ 
poses, the output power transformer should be included. 

The necessity for constructing and wiring up the bridge to reduce 
all stray inductive and capacity effects to a minimum cannot be too 
strongly emphasized. Everything must be suitably screened, but not 
in such a way that the value of the standard mutual inductance 
alters due to eddy currents induced in the screen. In fact, it would 
be preferable to use an astatic type of mutual inductance if this was 
available. The input to and output from the bridge must be asso¬ 
ciated with transformers whose windings are electrostatically screened 



Frequency (^) 


Fig. 106. Impedance-frequency curve 
of hornless moviiig-coil speaker mea¬ 
sured with apparatus of Fig. 105. 
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Fig. 107 a. Heaviside equal ratio bridge for use up to L == 0*22 henry. 
L = 2{M'—M") M" — leads reading with X short-eireuited. 


M' — reading with A". E" — „ 

E — E'—E'\ E' reading with A". 



i ?2 — 9i?3 or 99i?3 according to balancing inductance; E^ is approximately 1 /9 
or 1/99 that of E, 


L 





E ~ 



(E"-E% 

See Fig. 107 a. 


and balanced. Also an external transformer screen of some high per¬ 
meability magnetic alloy is required. The out-of-balance currents 
should be ampHfied by a suitable valve amplifier, and then filtered to 
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sift out any harmonics generated in the speaker, before being passed 
on to the detector. All leads must be screened, including those to 
the telephone, and the screens efficiently earthed. Success in measure¬ 
ments of this type at frequencies above 1,000 ~ depends almost 
entirely upon the efficacy of the screening and earthing arrangements, 
although care must be exercised regarding impurities in the mutual 
inductance due to stray inductance and self-capacity. 

The methods of detection can be visual or aural according to the 
frequency. Below 300 ~ a good vibration galvanometer serves the 
purpose, and being highly selective there is no necessity to incor¬ 
porate a filter. When, however, the frequency falls below 100 ~ the 
measurements require considerable patience and skill, especially if 
there are any sharp resonances of the type illustrated in Fig. 125, 
curve 1. As an alternative to the vibration galvanometer the out-of- 
balance voltage can be rectified in the usual way, but it ought to be 
filtered first. The zero reading of an instrument in the anode circuit 
of a valve detector indicates balance. For frequencies exceeding 
300 two pairs of telephones having resonances at 800 and 2,500 ~ 
can be employed, the latter doing service up to 4,000 Beyond 
this frequency either a heterodyne or some form of visual detector 
should be used. 

For investigating certain scientific aspects of the loud-speaker 
problem, the above method has proved valuable. Other bridges, 
whilst being adequate for certain purposes, have failed to reveal the 
idiosyncrasies of the speaker. They are, however, of value for 
ordinary test purposes. A simple direct bridge can be used where 
inductance (or capacity) and resistance in one arm are varied until 
each equals its counterpart in the speaker. The balance is checked 
by a screened and balanced differential transformer and a visual 
detector is used. 

Whatever method is employed errors will arise above 1,000 ~ 
unless all auxiliary resistances arc free from self-inductive and self¬ 
capacity effects, whilst inductances must be free from the latter. 

3. Speaker measurements. General considerations 

When the driving mechanism is free to operate in the usual way, the 
effective resistance and the effective inductance can be deter¬ 
mined to a high degree of accuracy. If the mechanism is restrained 
and cannot move, the static values Rq and Lq are found. Then the 
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respective differences are due to the motion of the coil or reed, which¬ 
ever is used. Thus the motional resistance and the 

motional inductance, R^ includes sound radiation, 

mechanical losses, and a variable part due to the iron of the magnet 
whether permanent or energized. When the radiation resistance is 
a small fraction of R^, the quantities R^, Rq are nearly equal. Under 
this condition great care is required in obtaining and interpreting 
the results. This applies particularly when measurements are made 
in vacuo to find the actual radiation resistance due to sound. Impor¬ 
tant features associated with these measurements are discussed below. 

In hornless speakers R^ is usually a small fraction of Rq, and it is 
not easy to determine its value accurately from readings with the 
coil free and stationary, for the following reasons [96 b]: 

1 . It is almost impossible to have the coil in the same mean position 
for free and for fixed measurements unless the latter are obtained by 
fixing the coil rigidly by aid of paraffin wax. This is particularly the 
case at the higher frequencies, as shown by the lead-block experiment 
in Chap. XVIII, § 19. An amplitude of a few microns corresponds 
to a loud sound at 3,000 By aid of paraffin wax the sound can 
be eliminated entirely. 

2 . If the free and fixed measurements are made separately, it is 
necessary that the temperature of the coil should be identical in 
each case. The temperature of the electromagnet gradually rises with 
time owing to heating of the magnet coil,* unless the current is 
maintained till the temperature is steady. 

The temperature coefficient of copper is 0*4 per cent, per degree 
Centigrade. A variation in temperature of 15° C. can easily occur, 
with a consequent rise of 6 per cent, in the resistance of the coil. 
Thus, if R^ were measured at 20° C., at the beginning of a day and 
Rq at 35° C. at the end of the day, the value of Rq would be 6 per 
cent. high. Under this condition low-frequency tests on a diaphragm 
with reinforced edge (where R^—Rq is small) would reveal a negative 
sound output, since R^—Rq is less than 6 per cent. The stationary 
and free measurements must be taken at close time intervals after 
the magnet has attained a steady temperature. Temperature con¬ 
stancy can be checked by means of a d.c. bridge. 

3. The iron loss varies according as the coil is free or stationary, 


♦ This difficulty disappears when a permanent magnet is used. 
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and when the output is small this usually results in being negative 
at frequencies of the order 4,000 ~ upwards. 

If possible no attempt should be made to fix the coil by mechanical 
means. With an electromagnet of low remanence, the fixed condition 
is simulated by short-circuiting the winding of the magnet on itself. 
The error incurred in due to variation in iron loss, with and with¬ 
out the field, is about 1 per cent. For any particular type of magnet 
tests should be made to discover whether Lq is the same when the 
coil is fixed with the field on, and when free, the field winding being 
closed on itself. Obviously this procedure is inapplicable to reed-type 
speakers. In this case the only safe way is to take measurements of 
jB^, meanwhile keeping a check on the coil temperature and the 
testing current. Without altering the adjustment, molten paraffin 
wax is used to fix the reed, the measurements then being repeated. 
In this class of speaker, however, the variation in iron loss is often 
sufficient to vitiate the results, so the experimenter must be discreet 
in making deductions as to performance. The method is clearly 
satisfactory for making impedance measurements of R^ and alone, 
so that the operating current in a valve cireuit can be computed. 

Assuming actual fixation of the coil, we can consider a case where 
i?o) = Rjn IS 2 per cent, of Rq, To obtain R^ to an accuracy 
of 1 per cent, it is necessary to measure R^ and Rq to ±1/200 of 2 per 
cent.—i.e. 1 part in 10,000. Apart from the first two sources of error 
enumerated above, the variation in iron loss entirely precludes any 
hope of attaining this degree of accuraey. When the diaphragm loss 
is added as a further comi)lication, the difficulty of measuring the 
actual sound output from a reproducer of low efficiency by electrical 
means is evident. 

These remarks apply mainly to hornless speakers whose efficiency 
is, in general, below 10 per cent. With horn or directional baffle 
moving-coil units, the efficiency ranges from 20 to 40 per cent., so 
that R^ is a goodly proportion of R^. One of the chief points in 
testing these speakers is to avoid temperature variation of the moving 
coil. 

4. Effective mass 

This is defined in Chap. I, p. 4, and has been discussed in Chapter IV. 
As an introduction to the practical aspect of the situation, the ideal 
case of a rigid mass vibrating on a massless helical spring will be 
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treated. The simplest procedure is to use the electrical analogue in 
Fig. 108. The mass is driven by an alternating force / causing a velo¬ 
city the corresponding electrical quantities being E and /. The 
electrical impedance is Ejl — Z == {coL—{llojC)}, which can be 
written where L^, is the effective inductance. Analogously we 
have the mechanical impedance = wm^ = {com—so the 
effective mass is m^ = {m—(s/o)^)}. Taking m == 20 gm. and s the 
stiffness of the spring as 2x10® djmes cm.-^ the effective mass varies, 
as shown in Fig. 109. Starting at a negatively infinite value, the 
effective mass rapidly rises, until when m = s/co^ or co = ^{s/m) reso¬ 
nance occurs and m^ is zero, i.e. the mechanical impedance then 



Fig. 108. The diagram on the left is the electrical analogue of the 
mechanical system on the right. 


vanishes. Thishappensatafrequency of 50~. As co/27r increases, the 
effective mass approaches asymptotically the value of the rigid mass. 

This elementary example corresponds closely to a hornless coil- 
driven speaker at low frequencies, m represents the total mass of the 
diaphragm, including the accession to inertia, whilst s is the elastic 
constraint due to the centring device and surround. In general the 
vibrating structures with which we are concerned do not behave as 
rigid masses. By invoking the effective mass concept, the structure 
becomes virtually a rigid mass of value m^ at the driving-point. The 
idea only applies, of course, to the steady state. 

As a second illustration of the effective-mass principle, suppose we 
take the case of a horn type moving-coil speaker in Chap. XX, § 2 . 
The mass is that of the coil and diaphragm, whilst the stiffness is 
due to the annular surround and throat chamber, the mechanical 
radiation resistance being associated with the latter. From formula 
(5), Chap. XX, § 2 , the effective mass is 





this being shown graphically in Fig. 152. The curve is similar in 
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nature to the more elementary example of Fig. 109. K r = oo the 
loss disappears and the value of which gives 

a curve identical in form with that of Fig. 109. The effective mass 
is not influenced when the resistance is in series, but profound modi¬ 
fications may occur when it is in parallel with either mass or stiffness. 
For example, in the above formula, if = 0 and r is very small, 
Wg == m, and is therefore independent of frequency. Another example 



Fig. 109. Curve illustrating effective mass of mechanical 
system in Fig. 108 at various frequencies. 

occurs in Fig. Ill, where of a conical diaphragm is reduced to 
a low value at higher frequencies owing to transmission loss. 

5. Measurement of effective mass 

In a moving-coil system the effective mass referred to the driving- 
point, i.e. the coil, is, from Chapter VII, where 

and refers to the complete vibrating structure. 
Thus, if a coil is attached to some specific point on a structure by 
a very stiff spider, the effective mass can be found by taking 
measurements of and with an a.c. bridge. Since = C^R^jZ^ 
the mechanical resistance is found in the same way. Knowing C^, 
the values of and are calculable. In a moving-coil speaker the 
coil is fixed solidly to the diaphragm, so that no difficulty is en¬ 
countered respecting mechanical coupling. The same principle can 
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be extended to reed-driven cones, since the formulae are valid then 
(Chap. VII). Here difficulties arise due to the iron, as described in 
§ 3, and the method is not satisfactory. The effective mass of the 
reed alone can be measured up to its resonant frequency and some¬ 
what beyond it, but the accuracy dwindles at higher frequencies 
owing to the behaviour of the iron. 

6. Coil-driven circular aluminium disk 

A coil 2-5 cm. mean radius wound on a paper tube having a free 
length of 2-5 cm. was securely fixed coaxially to an aluminium disk 
[35 b] 10 cm. radius and 0-055 cm. thick. The coil was situated in 
the radial magnetic field of a circular electromagnet and the disk 
suspended freely by several thin elastic threads, the axial frequency 
in the absence of the field being about 3 Bridge measurements 
of the inductance and resistance of the coil, free and stationary, were 
taken over a certain frequency band. Some of the observed and 
deduced data are given in Table 21, whilst a curve showing the 
effective mass is plotted in Fig. 110. 

Table 21 

Showing data for computing the effective mass of an aluminium disk 

Radius of disk, 10 cm. Thickness, 5*5 X 10“* cm. Mass, 47 gm. Mass of coil, former, 
adhesive and connecting wires, 7*8 gm. Mean radius of coil, 2’r> cm. n.c. resistance 
of coil without leads, 0*95 ohm. Accession to inertia at zero frequency, 3-5 gm. 
Ca == 2X10^ No baffle. 


Fre- 

qv>ency 

(-) 

motional 

inducUince 

(hejiry) 

■^m> 

motional 

resistance 

(ohms) 

rw., 

effective 

mass 

(gm.) 

Remarks 

0 

— 

— 

+ 58*3 

Natural mass (47 + 7*8) plus ac¬ 
cession to inertia (3*5). 

60 

-6*5x10-* 

10-2 

+ 216 

First centre-stationary mode at 
69 

75 

+ 7*1 xlO-* 

3x10-2 

-127 


100 

+ 4*2x10-* 

7 X 10-2 

-113 


120 

+ 10-2 

23*3 

-3*2x10-1 

First centre-moving mode. One 

120*6 

0 

39*5 

0 

circle of minimum amplitude 
at 120*6 

125 

-7*2x10-2 

6*3x10-1 

+ 4*5 


160 

-1*46x10-2 

4x10-2 

-4-15*4 


200 

-4*6X10-* 

6x10-2 

+ 27*5 



Starting from zero frequency, where limiting motion is assumed, 
m^ is the sum of the natural mass (disk plus coil) and m^ the accession 
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to inertia. Since no baffle was used throughout the experiments, 
in the neighbourhood of zero frequency is half the value with an 
infinite baffle [3 a]. The first centre-stationary mode occurs in the 
neighbourhood of 69 ~ (A), and the first centre-moving mode at 
120*6 ^ (J5). Near the centre-stationary mode attains a positive 
maximum and then falls to a negative minimum. The amplitude of 
the motion is a minimum when = 0, since the effective mechanical 
resistance and impedance are then maxima. 



Fio. 110. Curve showing variation with frequency 
in effective mass of coil-driven free edge aluminium 
disk 10 cni. radius. first centre-stationary mode; 
B, first centre-moving mode; C, second centre- 
stationary mode; Z>, second centre-moving mode. 


The arithmetical value at the maximum is much in excess of the 
natural mass of the disk and coil. Rising from the negative maximum 
the effective mass becomes zero in the neighbourhood of the first 
centre-moving symmetrical mode at 120*6 Thereafter it increases, 
but near 260 ~ there is a minimum value due to some irregularity. 
The second centre-stationary mode occurs at 410 ~ (0), The second 
centre-moving mode occurs at 484 ~ (D). The third centre-moving 
mode, which should occur in the neighbourhood of 1,100 is absent. 
Considered as a separate vibrator, the portion of the disk within the 
coil has a mode near that of the outer annulus. Moreover, mutual 
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interference suppressed both modes. When allowance is made for the 
coil mass and the portion of the disk within the coil, the frequencies 
of the modes determined experimentally are in close accord with those 
found by calculation [38]. From the shape of the curve of Fig. 110 
and the known behaviour of a flat disk, it is possible to throw light 
on the more complicated action of conical diaphragms used for loud 
speakers by examination of their effective mass curves. 

7. Loud-speaker diaphragms 

The results of measurements on two conical loud-speaker diaphragms, 
(1) with the edge reinforced by a narrow annulus of presspahn to 
prevent radial modes; (2) with an annular rubber surround, are por¬ 
trayed graphically in Fig. 111. Further details are set forth in 
Table 22 [35a,b]. 

Table 22 

Data for conical coil-driven loud-speaker diaphragms 


Radius at periphery of paper cone with reinforced 

edge (curve 1) ...... 12-2 cm. 

Radius at periphery of paper cone witJi rubber sur¬ 
round (curve 2) ..... . 12*2 cm. 

Radial width of rubber surround . . . 1*8 cm. 

Apical angle of both cones ..... 90" 

Natural frequency of reinforced edge cone on elastic 

threads without magnetic field . . . Loss than 3 

Natural frequency of cone as a whole on rubber 

surround without magnetic field . . . About 30 

Baffle . . . . . . . . 6 ft. square 


In case (1), starting from zero frequency, where is the natural 
mass plus the accession to inertia, the value gradually increases due 
to increase in the latter* up to 200 Thereafter the rise is chiefly 
concerned with the elastic and inertia forces of the diaphragm struc¬ 
ture, the action being similar to that of the aluminium disk in the 
last section. The maximum at is similar to the case of the disk 
in Fig. 110, where a centre-stationary mode is approached. Beyond 
JSi the curve drops rapidly as in the disk case. In the present instance 
this is due in part to the air-column vibrations (Chap. XVIII, § 15), 
which increase the motional resistance and reduce to some 
extent. The rise after 1,000 ^ is caused by the presspahn annulus 

♦ At zero frequency (limiting motion) m^ with a 6-ft. baffle is half its value with 
an infinite baffle [3 a]. As the frequency rises the baffling becomes more effective 
and increases. 

f The dimple at 300 is due to the seam of the cone. 
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at the edge executing a vibrational mode, the inner circumference 
being relatively at rest, i.e. a stationary-centre type. Just above 
1,600 is negative. If the curve were continued it would cross 

the axis at about 2,000 where the main centre-moving symmetrical 
mode occurs. Beyond this the effective mass is quite small owing to 
large transmission losses. 

Curve 2 relates to a diaphragm similar to that of curve 1, but 
mounted on an annular rubber surround.* The fundamental mode 
of the latter as an annular membrane introduces a condition at A 2 of 



Fig. 111. Curves showing effective mass of coil-driven conical paper dia¬ 
phragms 12’2 cm. radius, apical angle 90°. 

(1) Edge of diaphragm reinforced by narrow presspahn ring to suppress radial 

modes. 

(2) Edge of diaphragm ])ont over and supported by rubber annulus. 

the same nature as a centre-stationary mode. The imderlying theory 
is given in Chap. IV, § 12. The remainder of the curve can be 
explained in the same manner as curve 1. Above 800 ~ there are 
two undulations due to resonance of the membrane and the bent-over 
portion at the edge of the diaphragm to which it is attached. 

Similar results have been obtained with thin aluminium cones of 
the type discussed in Chap. XVIII, § 17. 

Hitherto our attention has been confined to symmetrical modes of 
vibration since the changes in effective mass far exceed those at a 
radial mode. In fact, unless the diaphragm is abnormally asym- 

* At zero frequency, owing to the surround elasticity, w, == ~oo (see Fig. 33). 
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metrical about the polar axis, due to the seam or to bad construction, 
the variation in at a radial mode is quite insignificant. From 
theoretical considerations this must be so, because contiguous identi¬ 
cal radial sectors, having equal and opposite motions, do not affect 
the driving-point impedance. With some diapliragms there is a varia¬ 
tion in m^, but it is of no importance dynamically. The main item 
is enhanced radiation resistance due to asymmetry caused by the 
seam (Fig. 125, curve 1). 

In all the preceding cone cases the mass of the coil and its former 
is included in the diaphragm. Below 1,400 ~ the coil can probably 
be regarded merely as an added mass, but above 1,400 ~ the vibra¬ 
tional characteristics of the diaphragm depend upon the coil mass 
(Chap. XVIIT). To obtain ?/?', the effective mass due to the dia¬ 
phragm alone, it is merely necessary to subtract the mass of the coil 
and its former. This can be done on the diagrams by shifting the 
horizontal axis upwards by an amount //?^. The value of so ob¬ 
tained is the contribution due solely to the diaphragm when it is 
driven under specified conditions. It is not the effective mass of the 
diaphragm as an isolated structure. 

8. Cones complete to the vertex 

It was mentioned in a ])revioiis section that satisfactory effective 
mass curves cannot be obtained with reed-driven cones by measuring 
and To obviate this difficulty a coil-drive system of the form 
illustrated in Fig. 112 is used. The air-gap in the magnet should be 
fairly large, centring being accomj)lish('d by elastic threads, so that 
the natural frequency of the system is very low. To get the effective 
mass of the cone jper se, that of the driving mechanism must be 
subtracted. The latter should be tested by itself to ensure constancy 
over the frequency range. If some form of centring device is used in 
preference to the elastic suspension, which is admittedly somewhat 
delicate, care must be taken to ensure that it has only one vibra¬ 
tional frequency which is well below audibility. It must be remem¬ 
bered that the majority of such devices have more than one mode 
of vibration (see Chaj). IV). 

A second method of determining is to attach the cone to a 
tunable vibrator, e.g. a rod clamped at both ends and magnetically 
driven, and, by the method of beats or by observing the amplitude, 
to find the fundamental frequency of the loaded vibrator [36]. The 
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cone is then removed and replaced by a mass to give the same 
resonant frequency. Several rods may be needed to cover a wide 
frequency band. When is negative the cone raises the vibrational 
frequency of the rod. The procedure is therefore to load the latter 
with an additional mass. Having found the vibrational frequency 
with the cone, the latter is removed together with an amount so 
that the resonance occurs at the same frequency as before. In place 
of a rod any other suitable vibrator can be used, e.g. a stretched wire 
or tape of magnetic material whoso tension can be varied [36]. It is 
important that the tape be driven to make the cone vibrate along its 



Fig. 112. Ilhistrating attachment of cone to 
driving mechanism for finding the effective mass 
at various frequencies. 

axis without wobble or sideways motion. The effective mass of a 
conical shell is quite different if driven axially and at 90° thereto, 
since it is relatively supple in the latter case. 


9. Measurement of accession to inertia {m^) 

(a) If the effective mass is measured in air and in vacuo by any 
of the preceding methods, and if the diaphragm is assumed to pre¬ 
serve the same shape in both cases, the difference in the two values, 
namely, 

(6) At low frequencies when is negligible and the diaphragm 

moves as a whole, we have, from (18) Chap. VII, 

/ . ^ s 

(„,+«.,) = m = 





or 


( 1 ) 
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In vacuo under the above conditions 

= ( 2 ) 

From (1) and (2) 

m, = (m-m.) = (3) 

If the diaphragm is suspended so that the fundamental frequency 
due to s, i.e. cd — is well below audibility, the term can 

be omitted. Formula (3) then becomes [2 b] 



In neither case is a knowledge of essential. The advantage of 
the method is that structural changes in the conical diaphragm of a 
moving-coil speaker are unnecessary. When the resonance frequency, 
due to the surround, occurs in the audible range, formula (3) must 
be used.* 

(c) When a vacuum is not available and the diaphragm moves as 
a whole, we have from (1) for measurement in air, 

= co2(±-mJ(Li-Lo). (5) 

If the diaphragm is removed, and the coilf is suspended by fine 
threads so as to have a very low axial frequency of vibration, 

C2 = (6) 

since sjoj^ is negligible. Equating (5) and (6) we obtain 



since m = When s/w^ for the diaphragm is negligible, 

-TO„. (8) 

10. Experimental results 

Using method (c) a series of experiments was conducted on a dia¬ 
phragm whose dimensions are shown in Fig. 113. 

Measurements of and Lq were conducted by the bridge method 
of § 2 in conjunction with a powerful oscillator and a sensitive vibra- 

* When an inductance bridge is not available, the method described in reference 
[34 b] can be adopted. 

t The use of a similar coil obviates removal of that from the diaphragm. 
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fiaffte recessed ^ 
te tskeS suflpertmg / 
threads at HCr 


fre/d tetndrng A 


X^. 10] 

tion galvanometer. The coil-stationary condition was adequately 
simulated by short-circuiting the magnet winding on itself, since the 
metal was soft iron of low remanence. The coil was, therefore, always 
in the same mean position. 

The value of is zero at the electromechanical resonance fre¬ 
quency, and below this it is nega- « 

tive, owing to the capacity action ^ 

associated with the motional back ^ 

e.m.f. I 

y 

The experimental data are set 
forth in Table 24 [2 b]. There is a | 

fair agreement between the cal- /Jppirt 

culated and experimental values / 

of mi at 200 and 150 In this / 

respect it should be noted that the / 

calculated results refer to a ^ 

disk in an infinite baffle, whereas Jyr.ZZllVJ’SjAii J^Td-a 
those obtained by experiment per- 
tain to a conical diaphragm with a 
finite baffle. Strictly, therefore, the \ 

comparison is not between theory 

and practice for a rigid disk, but N_l 

between two dissimilar shapes (cone ^ 

and disk) to show the existing re- Reinforcement to W 

prevent Radial Modes A 

semblance. So far as could be ^ 

discerned stroboscopically, the dia- A, 

phragm moved as a whole at the | 

test frequencies. The value of mi ^ 

is down at 100 since the size of Illustrating arrangement 

^ , ofdiaphragm used for the determina- 

the baffle was inadequate to pre- of m„ the accession to inertia. 

vent appreciable interference be- The presspahn reinforcement pre¬ 
tween the back and front of the vents radial modes. Angle of cone 
diaphragm. As the frequency is * 

reduced below 100 slowly decreases when the baffle is only 

6 feet square. Readings were also obtained without the baffle. At 
25 /-w nil was about one-half its value at 200 This is in accord 
with the rigid disk theory, where is halved on removal of the 
infinite baffle [3 a]. In the latter condition the shape of the diaphragm 
has a definite effect. For a rigid disk = fpa^, and for an axially 


Airgap»032cm. 


d large 

/h/es Symmetrically 
Situated 


Reinforcement to 
prevent Radial Modes 
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vibrating sphere so the ratio disk to sphere is 4/7r. A 

double cone would doubtless give a value of approaching that 
for a sphere of like radius. 


Table 23 

Illustrating the method of finding of expression (6) 

The effect of the bridge leads cancels out. Turns on coil — 40 of 28 s.w.g. about 
2-5 cm. moan radius. Elloctive mass of coil, loads, and suspension, = 7*5 gm. 


/• 

Frequency 
{cycles per 
second) 

w 

Inductance of 
coil at rest, 
including 
bridge leads 
{microhenrys) 

Lc- 

Inductance of 
coil m motion 
without diaphragm, 
including 
bridge leads 
{microhenrys) 

"'ci^a-Lc) 

{gram- 

microhenrys) 

100 

-j- 324 

- 6-624 X10» 

5*21 X 10* 

150 

+ 310 1 

- 2-776 Xl0» 

2*31x10* 

200 

+ 302 

-1-39SX10® 

1*275x10* 


Table 24 


Dafa illuslraling computation of 

Effective mass of coil, diaphragm, leads, etc. — 2.“) gm. BalHo 6 feet square. 


/- 

Frequency 
{cycles per 
second) 

Inductance of 
cod at rest, 
including 
bridge leads 
{microhenrys) 

Lv 

1 Inductance of 
coil in motion 
with diaphragm, 

1 including 

bridge leads 
{microhenrys) 1 

i . ’ 

' Accession to 

Experiment 

using 

baffle 

6 ft. square 

inertia (gm.) 

Calculation 

assuming 

infinite 

baffle 

100 

+ 324 

-1,208 

9 

12 

150 

-1 310 

-315 

12 i 

12 

200 

+ 302 

-34 

13 

1 12 


11. Effect of adding a mass to a diaphragm 

Experiments were performed to find the mass of a 10-gm. weight 
added to a diaphragm [2 b], computed from values of and Lq, 
using a formula given hereafter [formula (11)]. When attached with 
adhesive on top of the cone half-way down the slant side, the com¬ 
puted mass at 80 ~ was zero. Stroboscopic examination revealed 
that the mass pitched, tossed, and rolled like a ship on an angry 
sea. The diaphragm simulated the sea, and its dynamical state was 
so perturbed that the portion in the immediate vicinity of the mass 
‘broke up’. Thus the mass had no electrical counterpart in the 
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measurement of A like result was obtained with the mass 
attached to the centre of a paper disk glued across the mouth of the 
cone. When situated at the stiff outer edge or near the coil, the 
computed value agreed quite well with the actual value. These 
experiments show how easy it is to make a diaphragm break up 
locally at a frequency well below the region of the symmetrical modes 
of vibration (about 2,000 ^). Under this condition no reliance can 
be placed on measurements of mass. 

From (5), when s is negligible, the total mass 

C2 

( 9 ) 

CO {Lq Z/j) 

When a mass is added, and m is the same as above, 

^ , ( 10 ) 

Lg being the inductance with the coil in motion. Eliminating C^/co^ 
from (0) and (10) .j ^ v 


Uo-4, 


Measurement of 


This quantity is defined statically* as {'‘iTrrnBgY, so that it can be 
found from measurements of Bg as described in Chapter XIV. The 
weighing method has the merit of being allied to practical conditions, 
but the current is direct. With A.c. there are two effects which 
modify G‘^, (a) hysteresis and eddy-current losses in the magnet, 
(b) deformation of the radial field due to the coil current. The in¬ 
fluence of (cr) is to cause a phase change between total coil current 
and that which corresponds to the operative mechanical force. The 
latter is CZ cos 0, where 0 is the angle between the two currents. 
The value of cos0 varies according to the type of magnet and the 
radial length of the gap, but is usually from 0*9 to DO. 

C can also be measured at various frequencies by suspending a coil 
of known mass in the correct position in the air-gap, using a very 
weak constraint. Then from (0) we have 

C2= (12) 

since Z?„jg is negligible with no diaphragm. The results up to about 
2,000 ~ are likely to be fairly accurate, and they are measured under 


♦ Definition 43. 
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conditions closely allied to practical requirements. Beyond this fre¬ 
quency trouble may be experienced with the iron, as described else¬ 
where (§ 3). 

If the axial amphtude («? ,..nv ) of the coil is measured by optical 
means, then Force = CcosW^nx = so 

Ccosfl = "“^^^—(13) 

■^max 

13. Measurement of the axial stiffness 6* 

When C is known, calculable axial forces can be applied to the coil 
by means of direct current. Measurement of the displacement by 
optical means, e.g. a cathetometer, enables the force-deflexion charac¬ 
teristic to be plotted, s is the slope thereof. For large deflexions 
the characteristic will be curved, due to variation in C as the coil 
emerges from the magnet and, in some cases, to non-linearity of the 
constraint. The deflexion is limited, since neither the centring device 
nor the surround will stretch beyond a certain amount. As an alter¬ 
native, the deflexional forces can be produced by weights or a stiff¬ 
ness meter can be used [188]. Care must be taken to ensure that the 
forces are applied directly to the coil, but not to the diaphragm. 

The stiffness coefficient can also bo found dynamically. If the 
resonance frequency of the diaphragm on the constraint is found by 
any suitable method (see (ffiap. XIX, § 2), then s — where 
is the natural mass plus the accession to inertia. The former is found 
by weighing and the latter by a calculation; or can be measured 
directly as shown in § 5. When the resonance frequency is found 
without a baffle, and it occurs below 100 = IpqO? for dia¬ 

phragms up to about 14 cm. radius. To incorporate the influence of 
the surround a can be taken as its mean radius. 



XVII 

RESPONSE CURVES 

!• There are various ways of regarding response. Suppose a micro¬ 
phone is situated at a certain point in the same enclosure as a loud 
speaker. If the grid of the power valve is supplied with constant 
voltage at all frequencies, the output from the microphone amplifier 
represents the performance of the speaker under certain conditions. 
With a condenser microphone which registers sound pressure, the 
square of the readings is a measure of the power at the position of 
the microphone. Owing to reflection within the enclosure, the energy 
distribution is quite different from that in free air, unless the damping 
due to absorbent material on the walls is very great. This condition 
is difficult to obtain at low frequencies. Due to focusing of the radia¬ 
tion, the results vary according to the position of the microphone 
relative to the axis of the speaker. There are the following variable 
factors: (1) size of enclosure, (2) mean absorption coefficient of 
enclosure, (3) relative position of speaker in enclosure, (4) distance 
of microphone from speaker, (5) relative angular position of the axes 
of these two. Considering these items in actual usage, where room 
characteristics, loud-speaker location, and listener’s position are very 
diverse, it seems that acoustical test conditions are seldom likely to 
be simulated. Tt is necessary, therefore, to conduct tests under con¬ 
ditions from which the maximum amount of information regarding 
speaker performance is likely to be obtained. Tests are invariably con¬ 
ducted in a damped enclosure, and the higher the damping the better. 

2. Minimum microphone distance 

In Chap. V, § 2, it is shown that when a rigid disk vibrates in an 
infinite baffle, nodal points occur on the axis at high frequencies. As 
a working rule it was stipulated that to avoid the nodal regions, the 
distance of the microphone from the speaker should exceed a>a^/27rc. 
Although this formula only apphes rigorously to a rigid circular disk 
in an infinite plane, it can also be used for conical diaphragms and 
horns, where a is to be regarded as an equivalent radius. 

3. Axial pressure 

Axial measurements made with an inductor speaker in a ‘dead’ room, 
the diaphragm being set in one wall, gave the curve [141] of Fig. 114. 



286 RESPONSE CURVES [XVII. 3 

The free-space infinite baffle condition is simulated if the wall housing 
the diaphragm is non-absorbent. An absorbent wall introduces free- 
space conditions (solid angle 47r), where one side of the speaker is 
screened. Owing to focusing, the axial pressure curve is not a criterion 
of the performance to be expected in an average room. In fact, apart 
from transients, if the output is constant over a definite frequency 
band, the influence of reflection in an ordinary room is to make the 
distribution much more uniform. Thus by placing the speaker in 
a suitable position a pleasing result can be obtained, provided the 
room is not too small. In general, if an axial pressure curve in a 



Frequenrij- eyelet, per second 


Ft(3. 114. Response of inductor dynamic speaker when measured 
on its axis with the microphone at a distan(‘o of (iO cm. Tlie 
current to the speaker was kept at the constant value of 5 mA. 

(Zero on decibel scale refers to 5*5 dynes j)er sq. cm.) 

‘dead’ room shows a fairly uniform characteristic, the upper fre¬ 
quencies are usually weak except on the axis, and in an average room 
the reproduction sounds woolly and inert. Assuming the diaphragm 
to be simulated by a rigid disk, the axial pressure curve for constant 
output is shown in Fig. 99. In practice, as shown in § 13, the effective 
radius of the disk decreases with rise in frequency. This introduces 
a modification in the axial pressure curve. 

To overcome the objection to axial pressure curves several courses 
can be pursued, two of which will be described. Assuming the radia¬ 
tion to have circular symmetry about the polar axis, measurements 
of the pressure are taken at a suitable distance from the speaker at 
various angles <f) with the axis. The angle <f) is varied from 0 to ±90°, 
or, if the symmetry is satisfactory, only from 0 to 90°. If the speaker 
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is set in a non-absorbent wall, the infinite baffle condition is approxi¬ 
mated when the remainder of the enclosure is highly absorbeilt. By 
integrating the square of the pressure over a hemispherical surface 
whose radius is the microphone distance from the speaker, the power 
output on one side of the diaphragm can be found at any frequency. 
If the speaker is set in an absorbent wall, the conditions are those of 
infinite space as described above. This procedure is laborious and 
necessitates a large number of readings to cover a wide frequency 
band. The same experiments can be performed if the speaker is set 
in the ground out-of-doors where the infinite baffle condition is well 
simulated [45, 135]. Care must be exercised to exclude radiation 
from the back of the speaker. Any form of absorbent enclosure used 
for this purpose must not introduce resonance. 

In general, to reduce reflection and standing-wave effects at the 
microphone to a small pressure value compared with the direct radia¬ 
tion, a very large room with much absorbent material is required. 
This is commensurate with high expenditure which may not always 
be commercially justifiable. When, in the interests of economy, com¬ 
paratively small rooms arc used, it is difficult to eliminate standing- 
wave effects at the lowest frequencies. Under this condition the 
open-air test is advocated. 

4. Warble tone [124] 

Sometimes the test frequency (x)J2tt is varied ±AcoJ27r cycles per 
second (A being a small fraction) at a definite rate, say ten to fifteen 
times per second, to reduce the influence of standing waves. This is 
known as a warble tone. It is not proposed to analyse the procedure 
mathematically, but some comments will be made below for practical 
guidance. To ensure freedom from errors at the low frequencies a 
large testing-room is required, and Aa>o/27r must be a small fraction 
of coq/Stt, so that the test substantially pertains to conditions at the 
main frequency [124]. At low frequencies a resonance peak may only 
last a few cycles, so that with Aa>o/27r = 100 ~ it could easily be 
obliterated. There is also the variation in absorption of the room 
with frequency to be considered. Referring to Fig. 10, Chap. II, one 
of the critical factors is Z = S'P^—SP^, the difference in length of the 
image and direct rays. For a partial node to occur at the microphone, 
Acoq/tt = c/Z, so the proportionate frequency change is 
Acoq/coq = itcIwqI = A/2Z. 
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If I is constant the proportionate change increases with increase in 
wave-length, i.e. at low frequencies. As indicated above, this change 
must be within definite limits to obtain representative results. The 
maximum permissible value of I depends upon the room dimensions; 
the larger the room the greater Z. The largest value is obtained for a 
given room when the speaker and microphone are centrally situated, 
the distance between them being the minimum, d^(x)/27TC (Chap. V, § 2). 
The optimum position can be located by a little elementary geo¬ 
metry. Good results are obtained if Z ^ 3A, where A is the lowest 
test frequency. On the whole the warble tone should be used with 
discretion. In general a pure tone is preferable for test purposes, 
but there must be complete assurance that standing-wave phenomena 
have been reduced to an insignificant order of importance. There 
are well-known means of discovering whether a test room is ade¬ 
quately damped, and these should always be used in the first place 
to determine the x)roperties of the room throughout the entire fre¬ 
quency range. 

5« Orbital method 

Another method of test is to rotate the microphone in a circle whose 
centre is on the speaker axis, but whose j)lane is at 45° thereto [125 a]. 
The diameter of the circle should exceed half a wave-length of the 
lowest test frequency, so that dilficulties are not experienced with 
standing waves. A sluggish thermoummeter is used to measure the 
output from the amplifier following the condenser microphone. Thus 
an average of the square of the sound pressure, and therefore of the 
energy density, is obtained over a large area. Assuming listeners to 
be seated within the solid angle subtended at the speaker by the 
orbit, the test gives an approximate indication of the performance 
to be expected. This method is useful in cases where the floor and 
wall absorption in the test room is insufficient to simulate free-air 
conditions closely. The influence of standing waves is averaged out 
and the tests can be conducted very rapidly compared with that in 
Chap. XV, § 5, which involves integration over a hemisphere. 

6. Definition of ‘Response’ 

The average energy density (see definition 5) in a room where a loud 
speaker is emitting sound at a constant rate is [210] e = 4P/cAa^, 
where P is the power radiated and Ug the mean absorption coefficient 
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(see § 14). This can also be written [216] e = JJJ p*dF, 

where V is the volume of the room. From these two formulae we 
obtain [125 a] j ... 

where p is the root mean square pressure measured at every point in 
the room. Now , /• r r 


is the mean, or average of the, pressure squared through(mt the room 
and will be written p\^. Thus the formula in (1) beeomes 

P = = ^Vlv. (2) 

4poC 4 

where = Aajp^c. If the speaker resistance in action is i?i = iJo+ 
the maximum sound power for a given voltage swing on the grid of 
the power valve is obtained when the valve resistance is equal to that 
of the speaker transferred to the anode eireuit by the transformer. 
The power is then, with a perfect speaker of radiation resistance i?, 
P == E^/iR [Chap. XV, § 1 (b)]. Hence the absolute efficiency is 
[Chap. XV, § 1 (6)] ^ , 

= mS)- <*> 

The orbital method gives not for the whole room, but for a 
representative part of it. The coefficient together with the room 
dimensions, influence the spatial distribution and the level at any 
prescribed distance from the speaker. If, however, it is agreed to 
specify the conditions of test in each case, the ratio p\^l{E^jR) is 
defined as the ‘response’ of the speaker—under the specified con¬ 
ditions.* It is customary, as in all acoustical work, to express the 
‘response’ in decibels, so we have [125 a, 130] 


This is an index of the absolute efficiency throughout the microphone 
orbit for the given conditions of test. These should be stated on the 
test schedule as follows: (1) room dimensions, (2) nature of absorbent 
material on surfaces and mean coefficient of absorption, (3) method 


* This is the definition adopted by the Institute of Radio Engineers based on 
reference [126 a], and is used when the orbital or other methods of test are employed. 
8887.3 TT 
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of test, e.g. orbital, axial, etc., (4) size of bafiSe, if used, or position of 
speaker in wall or otherwise, (6) resistance of power valve. 

7. Testing apparatus 

A schematic diagram of the apparatus is shown in Fig. 115. The 
speaker and the condenser microphone, whose complete cahbration 
curve is known, are suitably situated in a damped enclosure or out¬ 
side in free air, according to test conditions [125 a, 130]. The output 
voltage of the oscillator, when open-circuited or connected to the 
attenuator, is adjusted to some suitable value as indicated by the 
valve voltmeter. Alternatively the adjustment can be made to obtain 


CONOFN5FR 



Fig. 115. Schematic circuit of loud-speaker response measuring system. 


a suitable current in the speaker. This should be sufficient to cause 
a soimd pressure at the microphone well above the level of any 
extraneous noise. The oscillator is then connected to the speaker and 
the control on the amphfier B manipulated until a mid-scale reading 
is obtained on the sluggish thermoammeter, as a result of sound 
waves from the loud speaker acting on the microphone. The oscillator 
is now switched from the speaker to the input of the attenuator, and 
the latter adjusted until the mid-scale reading is again obtained. The 
attenuator reading in decibels is an index of the relative performance 
of the speaker at the test frequency, provided the microphone calibra¬ 
tion is constant. If this is not so, the variation in level from some 
selected frequency must be added to or subtracted from the attenua¬ 
tor readings, according to the calibration-curve data. Alternatively, 
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if the datum-level is found for each reading, as shown hereafter, the 
same thing is accomplished. 

To fix the datum-level, the open circuit voltage of the oscillator 
is made equal* to the square root of its output impedance, so that 
= 1. Then from the calibration curve of the microphone the 
output voltage corresponding to a r.m.s. sound pressure of one dyne 
cm.(one bar) on the diaphragm is known. Amphfier B is set to 
give its mid-scale reading under this condition. The oscillator is then 
connected to the attenuator and the latter varied until the mid-scale 
reading is again attained. This setting of the attenuator is the decibel 
datum from which the response curves can be plotted. 

8. Features of the orbital method 

It is unnecessary to calibrate the oscillator output or the B amplifier 
The low pass filter ensures that all harmonics are excluded from the 
readings, so tests are made on the fundamental frequency alone. 
The filter can be altered to cover a wider range as the frequency 
rises without affecting the calibration, provided the B amplifier is 
adjusted to preserve mid-scale or any other constant reading. If the 
filter is not used, the output wave form must be checked by a cathode 
ray or other oscillograph, or by other suitable means. 

If the speaker under test is not overloaded and its characteristic 
power input-current curve is linear, the response is independent of 
variation in oscillator voltage, since any change affects the speaker 
current and the attenuator equally. It is important, however, to 
keep the microphone polarizing voltage constant to prevent variation 
in sensitivity. The voltage should be equal to that used during the 
calibration test of the instrument. 

9, Automatic operation 

The whole of the foregoing procedure can be done automatically if 
desired. It is preferable to equalize the microphone and its amplifier 
to obtain uniform voltage output at all frequencies for constant sound 
pressure on the diaphragm. If this is not done, the record must be 
corrected accordingly. When the microphone is kept stationary the 
frequency range can be swept through by aid of a constant output 
beat-oscillator, consisting of a weak oscillator of constant high fre¬ 
quency and a strong variable one. The condenser of the latter unit 


♦ Numerically, 
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is varied to cover the necessary range. Its vanes are shaped to give 
a logarithmic frequency scale, or the same result is accomplished by 
a driving cam. If the same motor is used to drive the condenser and 
the record paper, variations in speed are immaterial. The filter can 
be altered at intervals by contacts on the condenser driving-gear 
operating either direct or through relays. The output from the 
amplifier B is taken to a linear rectifier and thence to a linear 
recording mechanism, which need not be photographic. In a scheme 
of this nature a record can be taken in about three minutes. Specially 
prepared record paper ‘corrected’ for the microphone cahbration can 



Frrquency in cycles per second 

Fig. 116. Comparison of incioor an<J outdoor response measurements on 
moving-coil hornless speaker. 

be used if desired. Alternatively the record can be corrected by a 
special geometrical appliance [169j. 

10. Experimental data 

As a typical example suppose we examine Fig. 116. The dotted 
curve refers to the rotating-microphone method used in a room whose 
reverberation time (see definition 14) at 512 ~ was 10“^ sec. [142]. 
The orbit of the microphone was at 45° to the speaker axis and 8 feet 
in diameter, thereby entailing a low-frequency limit of 70 ~ for 
a representative orbital mean value. The average microphone dis¬ 
tance was 10 feet. At 50 ~ there is a definite peak, which is 
attributed to the standing-wave pattern in the room where the 
distance between maxima is about 12 feet, this being 50 per cent, 
greater than the orbit. As the frequency rises above 50 ~ there are 
the usual fluctuations in response, associated with vibrational modes 
of the system, which are generally most prominent in the 2,000 ~ 
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region. The symmetrical modes prevail here as shown in Chapter 
XVIII. Compared with the full-line outdoor curve, the absorption 
of the room above 2,000 ~ appears to have reduced the resonances 
5 decibels, which corresponds to a power ratio of 3/1. Actually this 
is not the case since the apparent decay is attributed to two causes: 
(a) focusing of the radiation in the neighbourhood of the axis at high 
frequencies, (6) reduction in room absorption at lower frequencies. 
In connexion with (a), the wide orbit of the microphone means that 
it enters the weaker portion of the sound field, so the average value 
of is less than that on the axis. Consequently any curve taken 
by the orbital method is more representative than one taken on the 
axis with a stationary microphone. Herein lies the efficacy of the 
method. The full-line outdoor curve refers to axial pressure, and due 
to cone resonances the curve rises 10 decibels above its level at 800 

11. Interference on axis 

The dip in the full-line curve of Fig. 116 at 460 ~ is of considerable 
interest. It is due to interference of the radiation from the front and 
rear of the baffle which was 4 feet square [142], At any axial point 
the sound pressure is the resultant of these two. When the two sides 
of the diaphragm are regarded as simple sources of opposite phase, 
there is a minimum on the axis when 2kd = 2mr, where 2d = d^ is 
the equivalent distance between the sources (Chap. II). At any 
axial point JFJ, far distant from the diaphragm, the relative phase 
of the radiation from the two sides depends approximately upon the 
radius of a circular baffle, so this is From above the condition for 
minima is = 2d = 2n7r/A: — nXoTw = 27mcld^, whilst for maxima 
2kd — (271-1-1)77 or o) = (271-1-l)7rc/di. Taking 7^ = 1 and d^ = 2 feet, 
the minimum should occur at about 570 whereas it actually occurs 
at 460 Since the baffle is square and sound waves bend round 
it with a definite radius of curvature, the equivalent distance d^ is 
increased to 2-44 feet, i.e. about 20 per cent. The influence of the 
square baffling and the cornering of the waves is therefore appreciable. 
The next minimum is 920 and it will be seen that a dip occurs in 
this neighbourhood. At higher frequencies the focusing of the radia¬ 
tion on each side of the baffle is pronounced, so the front-to-rear 
interference substantially vanishes. 

The first maximum occurs at 230 ~ although it does not show up 
appreciably on the curve. Other maxima occur at 690 ~ and at 
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1,160 Obviously these effects average out in the orbital method 
of test. In § 5 we saw that the microphone distance should exceed 
a^a)l27TC. The consequence of violating this test canon is illustrated 
in Fig. 117 [125 a], which shows two response curves for a moving- 
coil horn speaker of the type in Fig. 82 a. The full-line curve refers 
to a microphone stationed only 2 inches from the plane of the horn 
mouth. The crevasses at 750 ~ and at higher frequencies are due 



Fig. 117. Response-frequency characteristics of moving-coil speaker with 
115 cycle cut-off exponential horn. Measured outdoors 2 inches from plane of 
horn mouth with centre of condenser microphone diaphragm on horn axis and 
13 inches from axis. 

to interference of radiation from various parts of the opening. With 
a rigid disk and baffle system the pressure would vanish instead of 
being a minimum (Chap. V, § 2). 

12. Influence of baffle dimensions 

(a) Flat baffle. The influence of reducing the size of the baffle from 
4 ft. to 2 ft. 6 in. square is illustrated in Fig. 118 [142], both curves 
being taken in free air 35 feet above the ground. The reduction in 
level below 300 with the smaller baffle is very marked and bears 

♦ Power level. 
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out the analysis in Chapter II. With this baffle, serious interference 
occurs on the axis. At 400 ~ there is a maximum, whilst a minimum 
occurs at 800 Below 200 ~ the vertical distance between the 
curves for the two baffles remains almost constant. This is in accord 
with the theory in Chapter II. At very low frequencies the curves 
will approach and ultimately intersect at the origin. 

(6) Box baffle. As shown in Chapter II the function of a baffle is 
to screen the two sides of a diaphragm from each other, thereby 
reducing interference. A large flat baffle not only does this, but it 


Curve A - '^8"x48’' bafHe 
” B - 30" » 

Measured on the axis aba distance oF lO’ 



Fig. 118. Outdoor response curves of moving-coil speaker with flat baffles 

of different sizes 


increases the solid angle into which each side discharges (Chap. II). 
This enhances the acoustic loading. Flat baffles are not very suitable 
for domestic reproducers, so it is customary to use a cabinet which 
can be regarded as a box baffle. For equal distances between the 
two sides of the diaphragm (round the baffle), the box type is inferior 
to the flat baffle and invariably introduces resonances, particularly 
if it is located near a wall. Comparison curves of flat and box baffles 
giving equal distance separation between the sides of the diaphragm 
are shown in Fig. 119.* The various points enumerated above are 
clearly emphasized in these curves. The solid angle at the back of 
the diaphragm is increased considerably, and that at the front de¬ 
creased accordingly. These opposite effects do not compensate, owing 
in part to the box acting as a stumpy horn of constant section. 
Reflection from the back of the box (mouth of the horn) causes loss 
at very low frequencies and introduces resonances in the middle 


[142]. 
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register. By constructing the rear of the box in the form of a short 
logarithmic horn these defects can be obviated to some extent. In 
particular, if the box is lined with absorbent material to give an 
exponential contour, the reproduction is much improved due to 
damping of the resonances. From the theory of horns in Chapter X 
it is evident that the loading on the rear of the diaphragm increases 
above the cut-off frequency of the exponential baifle. If the dimen¬ 
sions are known this frequency is easily found. Assuming it to be 
200 ~ the register above this will be reinforced at the rear, so that 


Curve A - flab baffle 

« B - 26''x26"x is” dccp;box baffle 
” C - I3 -!s"xI3-5"x20’' « ** 



frequency in ctjcles per second 

Fig. 119. Response of moving-coil speaker in three different baffles having 
equal circulation path lengths. 

if the upper register at the front is rather powerful when a flat baffle 
is used, the box baffle will give a better tonal balance. The upper 
register from the rear will be reduced due to absorption. On the 
whole, therefore, there is every reason to believe that the use of an 
absorbent box baffle will yield good reproduction, and this is borne 
out in practice. A design embodying these principles is shown pic- 
torially in Fig. 120 [180]. 

13. Polar curves 

These curves are got with the same apparatus as that required for 
response tests excepting that the microphone is not rotated. It is 
placed at various angles with the polar axis of the speaker, at a 
distance well beyond that where nodal points occm* (Chap. V, § 2), 
usually in a horizontal plane containing this axis. Tests on a horn 
speaker having a 115 ~ cut-off [125 a] are shown in Fig. 121, the 
microphone being 12 feet from the mouth of the horn. Ow ing to 
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the large opening focusing begins quite early in the frequency range. 
To obtain a reasonable amount of sound above 4,000 it is neces¬ 
sary for a listener to be tolerably near the axis of the horn. On the 
other hand, owing to room reflection, the distribution of sound imder 
ordinary listening conditions is such that levelling up occurs, and the 
characteristic tends to the form obtained by the orbital method. 
This is valid for steady sounds. Unless a listener is near the axis 



Front view 



Fig. 120. Illustrating exponential box-baffle with 
absorbent lining. 


transients will be weak, since the steady state is never reached, and 
the room absorption increases with the frequency which reduces the 
‘attack’. 

Numerous radiation characteristics of a 90° conical diaphragm 
15 cm. radius at various frequencies [135] are shown in Fig. 122. The 
rear of the cone was surrounded by a large box, this being buried in 
the ground to simulate the infinite baffle condition. Up to 600 ~ the 
distribution is tolerably uniform over a hemispherical surface. This is 
to be expected, since the diameter of the cone is then about one-half 
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the wave-length. Beyond this point focusing sets in and gradually 
increases up to 3,000 beyond which frequency it remains fairly 
constant. The radiation at 1,500 ~ is more acutely focused than that 



Fig. 121. Polar curves showing response (expressed relative to the axis 
response) of moving-coil speaker with 115 cycle cut-off exponential horn at 
various angles from horn axis and 12 feet from the mouth. 



Fig. 122. Radiation characteristics of cone in infinite baffle 

at 2,000 and this can doubtless be explained on the score of one 
or more nodal circles. From Fig. 42 it will be seen that a nodal circle 
accentuates the focusing propensities of a disk. The constancy of 
beam angle above 3,000 ~ is due to three things: (a) conical shape, 
(6) nodal circles, (c) transmission loss in the diaphragm which reduces 
the amplitude towards the edge, thereby giving the effect of a smaller 
radius. Apart from diaphragm loss the general shape of the charac- 
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teristic is modified at higher frequencies due to the conical shape. 
The peripheral portions are nearer to any particular spatial point 
than they would be in the case of a vibrating disk, and this entails 
a different phase in the two cases. Also the cone acts as a short horn or 
intensifier to high-frequency radiation from its vertex, whilst at about 
800 to 1,000 ~ the air-column resonances occur (Chap. XVIII, § 16). 

By aid of Fig. 38 the radius of the equivalent rigid disk can be cal¬ 
culated for the cone, the procedure being as follows: Selecting 2,000 ~ 
the experimental value of G = Ji(z)lz = 0*155 when <f> ~ 30°. From 




Fig. 123. Polar curves showing distribution from Blatthaller 
Speaker. (1) diaphragm 18x25 cm., (2) diaphragm 53x53 cm. 

(a) is for 1200 and (6) for 3000 

the curve of Fig. 38 the theoretical value of z = ka sin (f> when 
G = 0*155 is 2*6. Thus to sin ^ = 2*6; so a = 14 cm. A similar cal¬ 
culation for cj) = 20° makes a = 12*6 cm. These computations show 
that the cone does not exactly simulate a rigid disk, but the similarity 
is adequate for all practical purposes, provided a suitable radius is 
found. Applying the same procedure at 4,000 a = 9*4 cm. at 30° 
and 9*1 cm. at 20°, showing that the radius of the equivalent rigid disk 
decreases progressively with rise in frequency due largely to trans¬ 
mission loss. In this way the focusing at higher frequencies is curbed. 

The polar diagram for a corrugated duralumin diaphragm com¬ 
prising a rectangle 18x25 cm. is shown in Fig. 123 a, whilst in 
Fig. 123b the enhanced focusing, due to increase in size to 53 X 53 cm., 
is clearly shown [144 b]. In the latter case the main beam is only 
10° on either side of the axis, whilst at 1,200 ~ it is 20°, but the 
side loops are larger than those at 3,000 These diaphragms are 
used in the Blatthaller speaker described in Chapter XIII. 

14. Room effects in loud-speaker reproduction 

The response curves in §§ 10,11, were taken under conditions entirely 
different from those under which the loud speaker is used in practice. 
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In a ‘dead' room where reflection is almost absent, except perhaps 
at the lowest frequencies, the condition of outdoor listening is 
adequately simulated. An auditor situated 5 or 10 metres from the 
speaker at 70° to its axis will in general hear httle or none of the 
upper register. Seated on the axis this register will be overpowering 
if the total output from the speaker (integrated over a solid angle 47 t) 
is the same throughout the audio-frequency range for constant input 
volts to the power valve. In an average room, owing to reflection, 
the 70° position would, in some cases, be the more satisfactory of the 
two, but this depends upon the response of the speaker and the ab¬ 
sorption of the room under eonsideration. Owing to (1) the lack of 
appreciable absorption in an ordinary room at low frequencies, 
(2) standing-wave phenomena associated with reflection and room 
resonance, the notes of the lower register build up to an intensity 
greater than that of the upper register which suffers more attenua¬ 
tion. Although at certain parts of the room the sound pressuie is 
much in excess of the free-air condition, at others it may be in defect 
[129]. Experiment shows that in small rooms these phenomena are 
pronounced. It is possible for a condition to occur whereby low 
frequencies are not audible comparatively near the speaker, but are 
violently accentuated at a certain location; for example, near the 
opposite corner of the room. This may, of course, be due in part to 
the speaker acting as a double source of sound (Chap. II). In this 
respect reference should be made to Fig. 12 where the distribution 
of radiation from a speaker with a flat baffle, in the proximity of 
a large reflecting wall, is shown for free-air conditions. 

As yet it has not been possible to specify tests which, if conducted 
in ‘dead’ rooms, will give an accurate idea of loud-speaker perform¬ 
ance under average domestic conditions. The best apj)roximation is 
to take a comprehensive frequency characteristic, including polar 
diagrams, in a room typical of the average where a speaker is likely 
to be used. The specification of such a room is one upon which con¬ 
siderable controversy is likely to arise. Rooms are like people; there 
are no two of them alike! Nevertheless it ought to be possible to 
define what a standard test room should be, so that from the speaker 
characteristics obtained therein a fair conception of performance in 
the home is assured. To realize in practice the reproducing qualities 
of a speaker taken under such conditions, it is necessary that full 
scope for sound-mixing by aid of reverberation in the listening-room 
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be given. But the reverberation should not be sufficient to modify 
the reproduced sounds to any serious extent. The optimum acoustic 
conditions in the listening-room must, of necessity, be a compromise 
between these two requirements. 

Experiment indicates that too small a room is unsatisfactory from 
the viewpoint of proper hstening. The smallest room should have 
a floor-space not less than 150 square feet. It should contain a 
reasonable amount of sound-absorbing material, but should not 
approximate to an acoustically 'dead’ room [129]. An average ab¬ 
sorption of from 20 to 25 per cent, over the whole surface appears 
to give the best results. Symbolically this can be stated as follows: 


a. “ 


_ 

m 

n=0 


A^a,i+Aia^+A^a^^-\-...+A^ 


Ai-{-A2-\-A3-{-...-{-A„ 


= 0-2 to 0-25, (6) 

where are the area of one portion of the room and its absorp¬ 

tion coefficient, respectively. Iliis quotient and the reverberation 
time should be independent of frequency as far as possible. It is 
important also that structural features such as walls and ceilings, as 
well as articles of furniture, should be sensibly free from resonance 
and ‘boom’. 

Apropos of these suggestions some simple calculations may be of 
value. To deal with these it is convenient to introduce a little ele¬ 
mentary theory. When a simple source of sound functions steadily 
in a room of surface area A, whose average absorption coefficient is 
the mean energy density (see definition 5) of the sound throughout 
the room can be shown to be [210] 

4P 


^ cAa^ 


(6) 


If the power radiated by the source is P, that absorbed by the walls 
is Pa^, leaving P(l—a^) to be reflected. Taking the collected initial 
reflections from all the room surfaces, and considering this as the 
output from a subsidiary generator or source, the average reflected 
energy density is 


er = 


4P(l3-^) 

cAa^ 


(7) 


Assuming the primary source to be a simple one, radiating equally 
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in all directions, the direct sound energy density at a point distant 
r from the source is d 


The ratio 


is, therefore, 


energy density due to reflection 
energy density due to direct radiation 

e, _ 1^2(1—ttg) 

, 10 Iog(p = lOlogio 


or, in decibels, 10 log 9 = lOlog^g 


If the room dimensions, in feet, are 18x 14x 10, its total superficial 
area is 1,144 square feet. As an average distance from the source, 
for listening purposes, one can select 8 feet. When = 0*25, as 
suggested above, the reflected sound is 9*26 db. above the level of the 
direct sound, and this is a considerable amount. This order of magni¬ 
tude is to be expected at low frequencies. At the higher frequencies, 
if the absorption coefficient is 0*5, the difference in level is 4*5 db. 
which is preferable. It is clear, therefore, that in any ordinary room 
the reflected energy due to a source radiating uniformly in all direc¬ 
tions swamps that coming direct from the source. Now the radiation 
from speakers is decidedly directional at the upper frequencies, owing 
to the focusing effect explained in Chapter V. If, therefore, a listener 
sits on the axis of a hornless moving-coil speaker at a distance of 
8 feet, the difference in level between the direct and reflected energy, 
at the higher frequencies, will be much less than that indicated by 
formula (10). Assuming that the sound source is either the mouth 
of a horn or only one side of a diaphragm, it is possible to obtain an 
approximate estimate of the difference in level, provided the polar 
distribution curve of the speaker in ^ree air, or its equivalent, is known. 
If P, the power radiated, is also known, the sound pressure p can 
be found at any angular and linear distance from the horn or dia¬ 
phragm. Thus the direct energy density = p^IpqC^ is known, and 


we obtain 


lOlogcp = lOlogio 


4poc2P(l- 

p^cAttg 


= 10 login 


4p,cP{l-a,) 

p^Aa, ’ 


( 11 ) 


where the formula applies to the particular direction and distance 
for which p is given. 
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If the beam plays on a heavy curtain or other highly absorbent 
material, the ratio at high frequencies found from (11) will be too large. 

The majority of speakers for domestic purposes are in effect double 
sources (Chap. II). The radiation from the back of the diaphragm 
is reflected from the wall in opposite phase from that at the front, 
and an already complicated situation becomes somewhat chaotic. In 
general the major proportion of the upper register issues from the 
concave side of the diaphragm, so the chief difficulty in regard to 
reflection pertains to the long waves in the lower register. Working 
on an elaboration of the principles set forth in Chapter II, it might 
be possible to derive a rough analytical expression for the difference 
in level. It is felt, however, that the plurality of conditions impels 
one to empirical methods of investigation. 

Reinforcement arising from reflection means that the amplitude of 
vibration of a diaphragm to give a definite loudness is considerably 
less than that for ‘frec*air’ or ‘dead’-room conditions (Chap. XIX). 
This is fortunate since, with a good speaker, a level of 70 to 80 db. 
above the threshold of audibility can be secured without introducing 
serious alien frequencies due to motion of the moving coil into the 
leakage field of the magnet (Chap. XTV). A level of this order is 
usually considered to be adequate for comfortable audition under 
normal circumstances. 

Hitherto our remarks have been concerned solely with the steady 
state. What applies then does not necessarily hold for transients. 
Seated on the axis of a reproducer in an average room, the lower 
frequencies in a transient will not be heard to the same extent as in 
the steady state, so the transient will sound sharper. On the other 
hand, if conditions for steady-state listening are adjusted to the 
optimum at an angle of, say, 60° from the axis of a highly directional 
speaker, transients will be rather flat due to a lack of upper fre¬ 
quencies. At the same time a modification will occur due to the low 
velocity of propagation in the diaphragm (Appendix). Also, apart 
from the acoustic conditions of the room, there may be appreciable 
distortion due to the resonances of the speaker (Chap. XVIII). It 
follows, therefore, since speech and music depend so much upon the 
transient state for interpretational and characteristic qualities, that 
the problem degenerates into more of a Chinese puzzle than ever. 
In settling the optimum acoustical listening conditions, cognizance 
must be taken of both the transient and steady states. 
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MEASUREMENT OF VIBRATIONAL FREQUENCIES 
OF CONICAL SHELLS 

1. There are two salient types of vibration pertaining to conical 
shells: (a) radial modes, as in a bell, (6) symmetrical modes, as in 
a disk. These are illustrated in Fig. 124. Radial modes are associated 
with bending, whilst symmetrical modes depend upon bending and 
extension. So far as the vibrational modes of cylindrical and spherical 



Fig. 124. Showing shapo of homogeneous luss-froo conical shell when 
executing certain modes of vibration in vacuo, (1) First radial mode; 
(2) second radial mode; (3) first centre-moving symmetrical mode; (4) second 
centre-moving symmetrical mode. The sketches are purely diagrammatic. 


shells are concerned, one has only to turn to the works of applied 
mathematicians to find an answer. The symmetrical vibrational 
modes of conical shells are secrets closely guarded from the mathe¬ 
matician, only to be discovered by the experimental methods of 
the acoustical engineer. To an extent this is unfortunate, since the 
apparatus is costly and the time vastly in excess of that required 
for a mere computation. Although a general empirical formula has 
not been devised, the information given herein is adequate to predict 
the main symmetrical vibrational frequency band of conical shells 
used in the design of hornless moving-coil loud speakers. 

2 . Radial modes 

When a free-edge conical shell is driven axially at low frequencies 
there are a large number of modes of vibration* of the form illustrated 

♦ An axial motion is superposed on that of the alternate sectors moving in opposite 
directions. 
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in Fig. 124 (1 and 2), and these are associated with bending. The 
fundamental frequency of a homogeneous seamless conical shell is 
characterized by 4 radial nodes, the next by 6, then 8, and so on.* 
When the diaphragm has a seam a considerable degree of asymmetry 
is introduced and at times it is possible to obtain 2 radial nodes 
[114a, b]. 

There are various ways of measuring these nodal frequencies, the 
principal of which are: (a) stroboscopically [114a,b], (b) a.c. bridge. 
For merely obtaining the frequency values, without reference to the 
sound output, (a) is rapid and simple. The diaphragm is illuminated 
during vibration by an intermittent light source whose frequency is 
slightly less than, or greater than, that of the driving current. This 
can conveniently be effected by a number of neon lamps driven 
independently, or by a slotted circular disk illuminated from behind 
and rotated by a variable speed motor. Owing to interference con¬ 
comitant with oppositely vibrating contiguous sectors, there is little 
sound when the nodal pattern is fairly regular, provided the input 
current is pure. With a seam irregularities are introduced, and the 
acoustic output is enhanced. It is quite easy to see the nodal pattern 
stroboscopically, and no difficulty is experienced in picking out the 
various modes of vibration. By using a free-edge coil-driven cone of 
moderate dimensions, it is possible to obtain a peripheral amplitude 
of 1 cm. The aerial eddy currents at the edge are strong enough to 
extinguish a lighted match, and the nodal points can be explored 
with a gas flame passed round the edge. Under such conditions the 
nodal points and the shape of the diaphragm during vibration is 
actually visible without intermittent illumination. Further, the aerial 
eddies enable exploration to be effected by an ‘acoustic compass’. 
A very light single-bladed paper or pith propeller is suspended axially 
by a delicate thread. The centre is placed above the edge of the 
vibrating diaphragm and the propeller carried round slowly. At a 
node the compass sets itself along the basal radius of the cone, whilst 
at an antinode it is tangential to the cone. During the passage 
between two nodes the compass turns through 180°. 

Although the sound output corresponding to the impressed fre¬ 
quency may be very small, the vibration is usually accompanied by 
appreciable noise due to bending of the paper. It is quite easy to 

♦ In a large number of commercial speakers the cones are moulded and seamless, 
the surround being an integral part of the diapliragm. 
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get several vibrational modes by aid of an audio-frequency amplifier, 
a pick-up, and gramophone frequency records of 40 to 100 The 
correct frequencies can be found by varying the turntable speed. 

The behaviour of two conical free-edge paper shells of different 
thicknesses is exemplified by the data given in Tables 25, 26. 

Table 25 [114 a] 

Shmving radial modes of a free-edge cone driven by a circular coil 


Radius of coil = 2*5 cm.; projected radius of diaphragm = 12*2 cm.; 
apical angle (plane) = 90®; thickness of paper = 0*014 cm. 


Frequency 

Number of 
radial nodes 

Frequency 
from curve 

Number of 
radial nodes 

Frequency 
ratio to 
fundamental 

36*6 

4* 

37 

4 

1 

43 

6 

50 

6 

1*35 

52 

8 




60 

10 




75 

s 

69 

8 

1*86 

95 

10 1 

92 

10 

2*48 

118 

12 

120 

12 

3*24 

150 

14 

150 

14 

4*06 

190 

16 

190 

16 

613 

225 

18 

230 

18 

6*22 


Table 26 [114 b] 

Showing frequencies of radial modes of a free-edge cone 
driven by a circular coil 


a = 12*2 cm.; < = 2*1 X 10“* cm.; n — 1,000 turns; iji = 90®; — 4*7 gm. 


Frequency 
{cycles per second) 

< — 2*1 X 10"* cm. 

Number of radial 
nodes {from curve) 

^ = 2*1 X 10"* cm. 

Frequency ratio to fundamental 
t — 2'ix 10"* cm. 1 ^ — l*4x 10"* cm. 

55 

4 

10 

1 1*0 

76 

6 

1*38 

1*35 

101 

8 

1*84 

1*86 

133 

10 

2-42 

2*48 

170 

12 

3*1 

3*24 

220 

14 

4*0 

4*06 

285 

16 

5*2 

5*13 

332 

18 

6*05 

6*22 


The conical shells used during the experiments were constructed 
in the well-known manner with a seam or overlap 0*65 cm. wide. As 
indicated previously, this mars the symmetry and introduces irregu¬ 
larities in the nodal figures. For example, in Table 26 it will be seen 
that there are 8 and 10 radial nodes at two different frequencies. 
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The same phenomenon was obtained for the cone in Table 26, but 
the results have been omitted. To obtain the frequencies for a sub¬ 
stantially symmetrical cone, the experimental results were plotted 
and a mean curve drawn through them. These mean values are set 
forth in the last three columns of Tables 25 and 26. From columns 
3 and 4 of the latter table the frequency ratios of various modes to 
the fundamental are seen to be alike for cones which only differ in 
thickness. In fact the ratio of the basic frequencies 55/36-5 = 1-51, 
and this is the same as that of the thicknesses. This proves that 
the radial vibrations are associated chiefly with pure bending, as 
in the case of a cantilever reed or a disk, where a)/27r varies directly 
as the thickness. 

By increasing the rigidity at the edge of the cone, e.g. turning it 
over and glueing it to a presspahn ring or a rubber annulus, the edge 
is so stiff that large forces are required to cause perceptible bending. 
Consequently the radial modes are substantially suppressed although 
there is a tendency for perturbations to occur between the edge and 
the apex. 

3. Bridge measurements of radial modes 

When it is desired to secure data relating to the strength of the 
resonances, a bridge method is of service [114 b] (Chap. XVI, § 2). 
It is of great assistance if the nodal frequencies are primarily located 
by stroboscopic means, since they are very sharp and easily missed 
in bridge work unless great care is exercised. A representative curve 
is plotted in Fig. 125, curve 1. To locate the resonances readings had 
to be taken to 0-05 cycle per second, since such a narrow frequency 
band is covered—about 6 cycles. Starting about 50 ~ each peak 
corresponds to a radial mode. Beyond 135 ~ the magnitude abates 
rapidly, whilst above 250 ~ these modes are comparatively inno¬ 
cuous. As explained previously, the irregularity of the nodal sequence 
is due to asymmetry arising from the seam of the cone. 

Curve 2, Fig. 125, shows the effect of reinforcing the edge with 
a narrow ring of presspahn. As explained above, bending is sup¬ 
pressed and the radial modes are well-nigh extinguished. A sUght 
resonance occurs at 250 ~ which on stroboscopic examination was 
seen to be caused by the seam. The latter tended to remain at rest, 
whilst the thinner and more pliant portions of the diaphragm on 
either side moved in opposition. 
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4. Effect of annular surround 

When the edge of the diaphragm is bent over and supported by an 
annular rubber membrane or surround, radial modes suffer extinc¬ 
tion, but a very powerful resonance is introduced due to the mem¬ 
brane acting as an auxiliary diaphragm [114a, b] (Chap. IV, § 12). 
This is illustrated in striking fashion by curve 3, Fig. 125, where an 
enormous increase in output occurs over the range 200 to 300 



FREaUFNCr-CYCLES PER SECOND 

Fig. 125. Apparent radiation resistance corresponding to conical dia¬ 
phragm 12*2 cm. radius, apical angle 90° driven by moving coil. 

(1) Edge free showing resonances due to radial modes. 

(2) Edge reinforced with narrow ring of prosspahn which suppresses radial 
modes. 

(3) Edge supported by rubber surround, this acting as an annular membrane. 

Below 200 the output exceeds that for a reinforced edge. This 
particular example illustrates precisely what must not be done in 
speaker design. The radial tension of the surround is excessive, the 
vibrational frequency much too high, and the range covered is too 
narrow. Fig. 126 has been reproduced to demonstrate that with 
reduction in radial tension a wider proportionate frequency range is 
covered. The resonance frequency of the surround as an annular 
membrane is 129*5 whilst the frequency of the diaphragm, as 
a whole, on the surround is 18*7 ~ (not shown). In Chap. IV, § 7, 
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formula (10), it is shown that the ratio of these frequencies is 
Using the above experimental results, we obtain 7/1, and 
this is in reasonable agreement with the value found from the formula. 

In Fig. 126, owing partly to inequahty of radial tension around 
the periphery of the cone, also to the fact that the effective mass 
curves of the diaphragm and surround intersect in two points near 
together (Fig. 33), more than one peak is visible, so the resonance 



50 lOO ISO ZOO 250 300 

FRFOUCNCY - CYCLES PER SECOND 


Fig. 126. 

(1) Apparent radiation resistance corresponding to lower register of conical 
diaphragm 12 cm. radius with rubber surround 2 cm. wide. The resonance 
of the surround occurs at 129*5 cycles per second. Turns on moving 
coil 1200. 

(2) Li = inductance of coil in motion. Owing to resonance of the surround 
there are five frequencies at which Li 0. The electromechanical reson¬ 
ance of the system apart from the elastic effect of the surround, occurs 
at about 200 cycles per second. 

(3) Z/Q — inductance of coil at rest. 

band is broadened. The main peak appears to be very prominent, 
but from an acoustic aspect it is not so serious as suggested by the 
diagram. The output ratio at 129*5 ~ to that on the flat portion of 
the curve above 150 ~ is 4/1, i.e. 6 decibels, which is not very 
important at 129*5 ~ owing to inherent insensitivity of the ear in 
this region. 
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As shown in Chap. IV, § 12, the higher modes of vibration of the 
rubber annulus in vacuo follow the sequence 2, 3, 4, etc. In our case 
the fundamental frequency is lowered due to accession to inertia, so 
the higher modes cannot be found accurately by simple arithmetic. 
The higher modes of the annulus prevent the output-level from falling, 
as it would with a reinforced edge alone. 

5. Comparison of the three *edge’ conditions 

We are now in a position to compare the three cases: {a) free edge, 
(b) reinforced edge, (c) supported edge. From an inspection of the 
curves one can see that the reinforced edge will give reproduction 
with an attenuated lower register. Obviously this is of little value 
in commercial apparatus. The free edge appears to have a fairly 
good lower register. This is to an extent deceptive, since the musical 
register is not continuous but consists of a series of notes at definite 
frequency intervals. Some of these notes fall in the valleys of the 
curve, and on broadcast reproduction the bass register is not so 
powerful as one might expect. In the reproduction of percussion 
instruments like the piano the bass is weak, since the radial modes 
are rendered aperiodic by the damping due to the magnetic field. 

The bass register is fully restored in the case of the rubber sur¬ 
round, provided the natural frequency is not too high. A value below 
129*5 cycles would doubtless be better, but the reproduction from 
this diaphragm is very pleasant indeed. With the surround frequency 
at 250 cycles the bass register appears to be good in certain cases, 
but is quite lacking in others. Also there is a ‘boom’ with speech. 

The 129*5-cycle resonance is rendered aperiodic by the magnetic 
field, whilst the 250-cycle resonance is oscillatory. Moreover, the 
surround resonance should not occur above a certain frequency. 

In some practical reproducers where the diaphragm resonates on 
a surround (other than rubber—e.g. leather) or on a centring device 
between 50 and 150 cycles, there appears to be a powerful lower 
register. This, however, is located round the resonance frequency, 
and is decidedly objectionable. 

6. Stresses in a conical shell 

(a) Statical, The simple statical case, where a vertical force / acts 
at the minor radius of a conical frustum seated on a smooth hori¬ 
zontal plane, is selected for consideration (Fig. 127). When the plane 
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apical angle tp -> 180® the cone degenerates into an annulus and the 
stresses are due to bending and shear. ♦ When ^ = 0, the minor radius 
remaining constant, a cylinder is obtained and the stress is purely 
compressive—excluding any long-strut buckling effect. Between 
these two extremes the stresses are entirely different. The force 
acting at any horizontal section can be resolved vertically and hori¬ 
zontally. The vertical component causes compression, bending, and 
shear, whilst the horizontal component simulates the fluid pressure 




Compressive stress 
p=stress 

I py^-3py 

Pz-Spr 



CircumFerenbial 
or hoop stress 

pn(simulates Fluid 
pressure) 


Fig. 127. Illustrating stresses in a statically loaded conical shell. 


in a boiler. It causes a circumferential or hoop stress which varies 
with the distance from the vertex. The variation in this stress intro¬ 
duces bending and shear. The cone, therefore, undergoes a vertical 
displacement and a circumferential distension, ultimately assuming 
a curved shape of the type suggested by Fig. 127. Obviously the 
relative magnitudes of the stresses depend, for a cone of given major 
radius, upon the apical angle 

(6) Dynamical, From Fig. 127 it will be clear that when a free- 
edge conical shell is driven, either on a frustum or from the vertex, 
the principal stresses are still bending and extension, the latter im¬ 
plying positive and negative values. When the vibrations of a shell 
are mainly associated with one or other of these stresses, it is usually 


* Assuming the annulus to be unsupported except at the edge. 
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possible to determine the modes of vibration analytically. The ana¬ 
lysis, however, becomes very formidable when both types of stress 
are of primary importance, as in the case of a conical shell of moderate 
thickness executing symmetrical modes. 

Considering the radial modes only, it is evident from Fig. 124 that 
the deformation of the shell does not involve appreciable extension 
or contraction of the surface midway between the inside and outside.* 
Practical experience shows that it is very easy to press a shell inwards 
at the periphery. The operation is clearly one associated with bending 
alone, since any extension of the middle surface would require con- 

Kadial 



Fig. 128. Diagram illustrating (a) flexural (bending) and 
(b) radial (extensional) vibrations of a circular ring. 

siderable force to produce it. This becomes very evident if we 
attempt to ‘stretch’ a piece of paper. 

The problem of the symmetrical modes of a conical shell can be 
approached by aid of two limiting cases, namely, a disk, when 
0 == 180°, and a cylinder, when iff = 0, For a disk or a ring the vibra¬ 
tional frequency a>/27r a tjd^, where t is the thickness and a the radius 
(Fig. 128 A). The action is then entirely one of bending with its 
accompanying shear. In considering a cylinder,| we take the purely 
radial vibrations concomitant with extension of the middle surface 
(Fig. 128 b). The vibrational frequency (co/ 27 t oc 1/a) is independent 
of thickness, since an increase in t causes a corresponding gain in 
stiffness. Now we have seen in (a) that the stresses in a conical shell 
are bending and extensional or circumferential. Thus a formula for 
the vibrational frequencies of a shell complete to the vertex will 
naturally have the form co/27r oc where n^< I and Tig > 1- 

Since vary with t, a, 0, and b (the minor radius) the formula 

* [118 b, 118 c]. j- A hollow cylinder or ring. 
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ultimately takes the form 

— = K II -^ 

27r VUl-CT^)/ 

where ^ and ^ are functions of a, 6, t, and In practice the issue 
is complicated by three essential conditions. Firstly, the radius of the 
driving coil for any class of speaker is fixed; secondly, there is the 
mass of this coil; thirdly, there is the former on which the coil is 
wound and the degree of stiffness it imposes at the minor radius of 
the cone. If the coil former is several times the thickness of the cone, 
the extensional deformation at the joint will be appreciably reduced.* 
Thus we are concerned not merely with the case of a pure conical 
shell, but with a more complicated structure due to the addition of 
a driving coil. In the experimental work described below, the coil 
formers were of the same order of thickness as the paper cones, so 
that considerable alteration in frequency would not be expected from 
this source. Greater variation arises from the mass of the coil, but 
its influence can be determined by extrapolation. These disturbing 
factors modify the indices and ng. Apart from coil mass, etc., the 
influence of keeping b constant, instead of letting it increase or de¬ 
crease proportionately with a, is to make rig < 1* As the major radius 
a is increased the frequency decreases slowly, owing to the great 
stiffness near the apex. 

With the aid of experimental data wc now propose to show that 
bending and circumferential stresses are both of importance in loud¬ 
speaker diaphragms and other moderately thick conical shells. It is 
a well-known mechanical principle, applicable to the vibrations of, 
say, a cone driven from the vertex or on a frustum, that the dynamic 
deformation curve is such as to make the potential energy associated 
with the deformation a minimum [219]. Now the potential energy V 
is divisible into two parts associated with bending and extension, 
respectively. In each case it is proportional to the square of the 
deflexion or extension, i.e. 8^ or x^. For bending V oc whilst for 
extension \ act. Thus the total potential energy of the shell can be 
expressed in the form V = (bending+extension). The 

kinetic energy of the shell depends upon t, since this controls the 
mass when the other dimensions are fixed. If we write T = 

* As the extension is small in any case, it is doubtful whether the coil former has 
any serious influence except as regards bending action. 
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then, since the two energies must be equal, it follows that 


JD^t J 


A 


When the cone is extremely thin it will bend readily, but will stoutly 
resist being stretched circumferentially, especially in the vicinity of 
the vertex, where the perimeter is very small. Thus the term B^x^ 
will be insignificant compared with This follows from the 

fact that the absence of appreciable extension implies small potential 
energy of deformation. Consequently the vibrational frequency is 
CO = or ojcct. Thus the frequency decreases without 

limit with the thickness of the shell, the action being almost entirely 
associated with bending. 

Beyond a certain value of t (increasing) the term B^tx^ becomes 
of importance, because the resistance of the shell to bending is 
relatively large and diminishes accordingly. Thus the frequency 
will rise but slowly as t increases. If the term were negligible 

compared with B^tx^, the frequency would be independent of the 
thickness. In practice, however, this is not the case, since the fre¬ 
quency increases with thickness in the loud-speaker diaphragms 
tested. For given radii a, 6 and material, co oc where lies 
between 0*2 and 0*5 according to conditions. The index decreases 
with increase in thickness. It is evident, therefore, that the bending 
action in speaker diaphragms cannot be ignored. For a number of 
shells treated experimentally, the vibrational frequency correspond¬ 
ing to one nodal circle happens to be given approximately by 


O) 


m k 

a ^ p 


where m = cot This means that the frequency is m times that 
of the purely radial mode of a cylindrical ring whose radius is 
that at the base of the shell. As a case in point take a glass cone 
where a = 12*7 cm., t = 1-65x10-^ cm., = 107^, m = 0*74, 
V(?//>) = 5x10® cm. sec.“^ The value of the frequency calculated 
as above is 4,630 whilst the empirical value is 4,500 ~. In the 
case of a 90° aluminium cone a = 19 cm., the values are 4,260 and 
4,400 respectively. In the latter case the frequency of a cyhndrical 
ring, having the same radius as the truncated end of the cone, i.e. 
b == 2-5 cm., is 4,260 x 19/2*5 = 3*24 x 10^ Consequently, if the 
vibration were purely radial, the frequency of the conical shell would 
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be appreciably in excess of the observed value, owing to the large 
potential energy in the neighbourhood of the minor radius. Thus we 
again confirm that bending cannot be ignored [115 a]. 

To illustrate the transition from disk to cone, we made use of the 
purely radial vibrations of a cylindrical ring. When the cylinder is 
of adequate length there are longitudinal vibrations at higher fre¬ 
quencies with corresponding nodal positions. These may be of im¬ 
portance in a large cone of small apical angle. As mentioned later 
on in connexion with an experiment involving a long paper tube, the 
extension and contraction on either side of a nodal circle is accom¬ 
panied by radial contraction and expansion in virtue of Poisson’s 
ratio effect. It is clear, therefore, that the mechanical and acoustical 
conditions associated with the vibration of conical shells are extremely 
complex. 

7. Sub-harmonics [117 a] 

In testing diaphragms [112, 118 a], it is sometimes found that radial 
modes occur at half, or even one-quarter, the frequency of the driving 
force. This effect can be illustrated by Melde’s famous experiment. 
A light horizontal string is fixed at one end, the other being attached 
to one prong of a massive tuning-fork. When the fork vibrates along 
the direction of the string the latter is set into transverse vibration, 
its frequency being half that of the fork [219]. 

In a mechanical system, having one degree of freedom and a non¬ 
linear constraint of the form 5 = ^^(l+a^), where ^ is the displace¬ 
ment, driven by a force / = fQCosojt, it can be shown under certain 
conditions that the system contains the frequencies co/47r, fco/Tr, 
Jw/tt... . The first of these is a sub-harmonic of half-frequency. In 
a cone there is more than one degree of freedom, so that it is possible 
to have frequencies J, |... that of the driving force. If the cone 
has a vibrational mode at ai/47r it will be revealed when certain con¬ 
ditions are fulfilled [117 a]. 

To obtain sub-frequencies with a cone, the amplitude of vibration 
must exceed a certain value. The sub-harmonic of half-frequency is 
the most powerful, those of lower frequencies being unimportant 
imless the amplitude is unduly large. Small moulded conical dia¬ 
phragms are prone to the production of harmonics of half-frequency, 
when the input is large. The harmonics usually occur at the sym^ 
metrical vibrational modes of the cone. Since the amplitude is then 
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abnormal, the effect of a non-linear characteristic due to the centring 
device and surround, or to the diaphragm itself, will be prominent. 
The sub-harmonics can be suppressed by glueing a piece of felt to 
some suitable part of the cone [112 a]. Sub-harmonics also occur due 
to a non-linear driving force, e.g. / = /o(l+i30» to a variable 
effective mass, e.g. m — The case of a non-linear driving 

force due to non-uniform axial distribution of the magnetic field was 
treated in Chap. XIV, §§ 6, 7. 

8. Investigation of symmetrical modes by a.c. bridge 

By employing an A.c. bridge can be measured. If a vacuum 
chamber is available the mechanical loss can be found and thence 
the electrical resistance due to sound radiation (Chap. VII), provided 
the resistive loss due to the iron does not differ seriously* for the 
free and fixed conditions of the coil. For the present tests a vacuum 
chamber was not used, so that the resistance values include losses 
and are therefore 'apparent’. Nevertheless they are a useful guide 
to the behaviour of the diaphragm. The result of measurements on 
a large flat cone [114 b] 0 = 160° of stiff Whatman paper is shown 
in Fig. 129, curve 1. A small resonance occurs at 350 this being 
accompanied by a nodal circle and numerous radial nodes. The main 
resonance occurs at 664 It is accompanied by two nodal circles 
and radial nodes. There are two other resonances at 590 and 620 
The resonance at 950 ~ is accompanied by three nodal circles and 
radial nodes. 

Although the term circular nodes has been used, it merely signifies 
the form of the figure with a symmetric homogeneous conical shell. 
The actual dust figures were quite irregular and not always con¬ 
tinuous. This is clearly due to asymmetry and heterogeneity of the 
paper. The amphtude of the diaphragm a short distance from the 
coil exceeded that of the latter. At certain frequencies an annulus, 
midway between the coil and the periphery, moved relatively little. 
Some idea of the relative motion of various parts of the cone, 
particularly above 500 can be obtained by using a stethoscope 
to explore the surface. A better arrangement is a small microphone 
alone or fitted with a tube or a short horn of small mouth area. 

The inductance of the coil in motion is plotted in Fig. 129, curve 2. 
The variations in this case are an excellent guide to the behaviour 

♦ See Chap. XVI, § 3. 
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of the diaphragm. The points of inflexion in the curve occur approxi¬ 
mately at the corresponding resonance frequencies. Curve 2 crosses 
the static inductance curve 3 at the resonance frequency of 664 cycles, 
which indicates that the d 3 mamic condition is devoid of mass—^i.e. 

the effective mass of the system is zero. Below 664 cycles per 
second and is negative, whilst above 664 cycles per second 

Lq > Li and is positive, is also positive below 240 cycles per 



FPCQUENCY-CYCteS PER SECOND 

Fig. 129. 

(1) Apparent radiation resistance for large flat cone {a — 16*7 cm., 

0 160°), showing the main symmetrical mode at Q — 664 cycles per 

second. 

(2) Li — inductance of coil in motion. Variations in inductance correspond 
to changes in the effective mass of the dynamical system. This curve cuts 
the static inductance curve at / = 664 cycles, showing that the effective 
mass is zero at the main centre-moving symmetrical mode. 

(3) Lq - inductance of coil when fixed (see Table 36 for values). 

second, at which frequency the first centre-stationary mode occurs— 
not shown in diagram. 

A list of some of the modes is given in Table 27. 

As in other paper cones with seams the radial nodes viewed strobo- 
scopically were irregular, and the same pattern occurred at more than 
one frequency. The radial modes at low frequencies were accom¬ 
panied by considerable noise due to bending of the stiff paper. This 
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Table 27 

Showing frequencies of various modes offree-edge coil-driven 
conical diaphragm 

a = 16*7 cm.; Z = 2*5 cm.; thickness of paper t 5 X 10** cm.; 

71 — 40 turns 28 s.w.g.; t/r — 160®; — 7*84 gm. 

Total natural mass of diaphragm = 48 gm. 


Frequency 
{cycles per 
second) 

Nodal pattern 

Apparent radiation 
resistance {ohms) 

49-2 

Four radii. 

1-22 

71 

Six radii. 

0193 

97 

Eight radii. 

0142 

Intermediate 

Not observed. 

Not observed. 

360 

One circle and radial nodes. 

0128 

664 

Two circles and radial nodes. 

I 1-46 

800 

Not observed. 

0-92 

950 

Three circles and radial nodes. 

0-48 


resembled a well-known stage effect used for simulating violent 
storms. By aid of a microphone the output from the diaphragm 
imder such conditions was recorded with the result depicted in 
Fig. 130. On the low-frequency wave (49*2 r>^) a high-frequency 
ripple of large amplitude is superposed. The frequency of the ripple 
is identical with the main centre-moving symmetrical mode of the 
cone (900 to 1,000 ~). It is higher than that shown in Fig. 129 since 
a coil of smaller mass was used in the experiments associated with 
the oscillographic record. This radial mode was evidently sufficiently 
vigorous to impulse the diaphragm, causing it to radiate at its main 
symmetrical frequency. These experiments show that the main radial 
modes pertain to the lower frequencies, whilst the symmetrical ones 
occur higher up the scale. With a disk the radial and symmetrical 
modes are interlaced, so to speak. As the angle of the cone increases, 
the frequencies of the cone increase more rapidly than those of the 
disk. If, however, the material is very thick, this conclusion does 
not apply. Beyond a certain thickness the frequency of the sym¬ 
metrical modes increases very slowly due to the influence of hoop 
stress, whereas the radial modes increase more rapidly since a> a Z.* 
Thus in a chime bell the two types of vibration occur at about the 
same frequency. 

Coming now to shells of the type used for hornless loud speakers, 

♦ This relationship is assumed for thin shells, but it does not appear to agree with 
experimental results [118 b, 118 c]. 
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the results of tests on a diaphragm under two different edge condi¬ 
tions are shown in Fig. 131 [114 b]. The first resonances in the neigh- 



Fig. 130. Record of acoustic output from the diaphragm of Fig. 129 when 
driven at its first radial mode, namely 49*2 cycles per second by a steady current 
in the coil (heavy sine wave). Impulsing due to asymmetry of motion causes 
oscillations of the same frequency as the second centre-moving symmetrical 
mode to be superposed on the 49*2 cycle radiation. 



Fig. 131. Apparent radiation resistance corresponding to upper register of 
conical diaphragm, 12 cm. radius, ijs ~ 90% t ~ 2*1 X 10~** cm., — 7*8 gm., 
with (1) reinforced edge, (2) free edge. 

bourhood of 1,000 ~ are due to the air-column vibrations, whilst 
those at 2,000 ~ are the symmetrical modes of the conical shell. 
It is clear that with a light paper cone the air-column vibrations 
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are of importance compared with those of the shell itself. Apart 
from the peak beyond 2,000 ~ there is little difference between the 
free-edge and reinforced-edge conditions. The influence of a rubber 
surround at the mouth is to lower the frequency of the air-column 
vibrations without materially affecting the output. The large peak 
which occurs at 2,450 ~ must not be taken too seriously. It is impos¬ 
sible to conduct tests on the same diaphragm with free, reinforced, 
and supported edge simultaneously. Secular changes occur during 
the time taken to make the necessary alterations. In each case the 
curves are characterized by a serrated profile in the resonant region. 
By taking closer frequency intervals the number of serrations would 
be increased enormously. The serrations are due to local perturba¬ 
tions arising from small dimples on the surface, asymmetry caused 
by the seam, and to heterogeneity of the paper. 

9. Investigation of symmetrical modes by microphone (115 a) 
When an annular disk is driven quite symmetrically by a circular 
coil, the nodal figures corresponding to the centre-moving modes are 
concentric circles. With an annulus having inner and outer radii of 
2*5 and 12*2 cm., respectively, the ratios of the first three modes are 
roughly 1:4:9, provided the mass of the driving coil is negligible. 
In a practical case the latter condition would only be realized approxi¬ 
mately, the corresponding ratio being 1 : ^ : gr, where ^ < 4 and g < 9. 

Owing to the different nature of the stresses in a disk and in a 
conical shell, the nodal ratios of the one bear no resemblance to those 
of the other. Accurate inferences cannot be made regarding these 
ratios from experiments on paper cones, owing to four pertinent 
factors: (i) heterogeneity, (ii) internal transmission loss, (hi) radiation 
loss, and (iv) low density of paper. By taking a heavy conical cast 
glass shade, illuminating results can be obtained. Fig. 132 shows three 
resonances of an ordinary glass lampshade. These were obtained in 
a large highly-damped room with a special microphone situated on 
the axis of the shade at a distance of about 180 cm. To avoid the 
influence of standing waves, the note supplied to the driving coil was 
varied ±50 ~ continuously throughout the range of frequencies. 
The resonances were so sliarj) that the frequencies could readily be 
determined by ear, although actually the output curve was auto¬ 
matically recorded. At each frequency the nodal figures were found, 
and data relating thereto are given in Table 28. 
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Table 28 

Data for annealed glass cone 

Major radius a of shell = 12*7 cm.; ^ = 107°; radius of driving coil = 2*6 cm.; 
minor radius 6 = 1*4 cm.: thickness t = 1*65Xl0~^ cm. Mass of driving 

coil 4 gm. 


Nodal pattern 

Radii of nodal 
circles 

Frequmcy 

(~) 

On© circle 

0*8a 

4,500 

Two circles 

0*6a, 0*92a 

5,700 

Three circles 

0*44a, 0*78a, 0*96o 

7,500 



Fig. 132. 

(а) Axial air-pressure curve for free-edge conical glass shell corrected for micro¬ 

phone characteristic, a = 12*7 cm., b — 1*4 cm., radius of coil 2*5 cm., 
t == 1*66 X 10“^ cm., ift = 107°, = 4 gm. 

(б) Axial air-pressure curve for free-edge spun conical aluminium shell corrected 

for microphone characteristic, a — 19 cm., 6 = 2*5 cm., t = 4*5 X 10“*cm., 
if/ == 90°, = 6 gm. 

Although nodal circles are specified, neither was the drive suf¬ 
ficiently symmetrical nor was the cone sufficiently homogeneous to 
obtain perfect circles. Whereas the first mode is by far the most 
powerful with an annular disk, it is the second which stands out 
here. There may have been modes above 7,500 but the apparatus 
did not permit investigation beyond 9,000 

Experiments have also been conducted with aluminium cones, and 
some of the results are portrayed in Figs. 132 b, 133 a, b. There are 

3837.3 V 
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more than three peaks, but as the two thick aluminium cones were 
spun whilst the thin one had a seam, the homogeneity cannot be 
expected to be as good as that of annealed-csist glass. It should 
also be observed that here the second peak is by no means the 
maximum. 

As a matter of interest and comparison, curve 1 of Fig. 134 shows 
the behaviour of a typical paper cone. The preliminary notch on the 
curve at 1,700 ~ is an indication of the first mode. There are signs 



Fig. 133. 

(а) Axial air-pressure curve for free-edge spun conical aluminium shell as in 
Fig. 132 b; but « = 8x 10“® cm. 

(б) Axial air-pressure curve for free-edge conical aluminiiun shell with seam 
(seccotined). 

a = 10‘9 cm., b = 2*5 cm., t = 7*5 X cm., ijj = 90°, = 1*3 gm. 

of others, whilst the main mode is fairly clearly shown. But the 
modes of paper and aluminium cones do not stand out in the same 
conspicuous manner as those of the glass shade. This applies parti¬ 
cularly in the case of paper when a light driving coil is used. 

The occurrence of the modes in cluster formation, as compared 
with the segregation that obtains in the case of a disk, is very 
striking. This is due to the different nature of the two vibrational 
systems. When the frequencies of the various modes cannot be 
definitely allocated, we shall refer to the frequency corresponding to 
the greatest output. At frequencies exceeding that of the main mode 
the output falls away, due to mass reactance and transmission loss. 
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In a number of the curves the uncorrected microphone readings 
have been given, which tend to exaggerate the output from 2,000 to 
5,000 ~ owing to pressure doubling (reflection), and resonance due 
to the cavity at the front of the microphone. This is immaterial since 
the object of the experiments was to locate vibrational frequencies 
and to ascertain the general influence of apical angle, coil mass, etc. 



Fig. 134. 

Curve 1. Axial air-pressure curve for free-edge conical paper shell un¬ 
corrected for microphone characteristic. 

a — 12 cm., b — 2-5 cm., t = 2-1 x 10~^ cm., i/f — 90°, 7n^ = 7*8 gm. 
Curve 2. As for curve 1, but — 2*7 gm. The reduced coil-mass results in 
increased and more uniform output above 2,300 

Where the profile lacks peaks, as shown in Fig. 134, curve 2, the 
impulse method outlined in a later section is used. 

10. Influence of thickness of shell on acoustic-output curve 

When a curve delineating the acoustic output is taken on the axis 
of a coil-driven conical shell of given radii and apical angle, the profile 
depends upon the thickness and mass of the diaphragm. The general 
effect is clearly exhibited in Figs, 132, 133, and 134, which we shall 
now analyse. The curve for the thick heavy glass shade consists of 
three precipitous peaks separated by deep valleys. Owing to the great 
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mass of the cone the general ontput-level is small and it is only at 
resonant points, where the mass is offset by elasticity, that the out¬ 
put is readily audible. The thickest of the three aluminium shells 
shows the influence of considerable mass, but the valleys are shal¬ 
lower than those of the glass shade. Decrease in thickness is accom¬ 
panied by a greater general output-level and the perceptible rising of 
the valleys towards the peaks. Finally, with a paper cone, especially 
when the mass of the driving coil is small (Fig. 134, curve 2), the 
valleys and peaks coincide. Nothing is left to indicate the symmetri¬ 
cal modes except a boldly-roimded contour. The reduced coil and 
shell masses give a greater amplitude between peaks, whilst the fric¬ 
tional damping and acoustic loading reduce the peaks. Although not 
fully understood hitherto, the combined influence of these factors has 
been invaluable in the operation of modem acoustic apparatus. And 
so empiricism has been justified. 

11. Influence of coil-mass on acoustic output and frequency 
of vibration 

The mass of the coil affects (i) the mechanical impedance, (ii) the 
amplitude of vibration, (iii) the profile of the response curve, and 
(iv) the frequency of vibration. 

Referred to the driving point, the mechanical impedance at a fre¬ 
quency 0^/277 is where is the mechanical resistance and 

the effective mass of the complete structure which may be positive, 
negative, or zero. Since the coil can be considered as a rigid structure 
when vibrating axially, can be written where 

refers to the shell and to the coil. The value of m' is a small 
proportion of the natural mass in the nodal region, so that the im¬ 
pedance is reduced appreciably when a coil of small mass is used. 
It follows that for any given driving force the amplitude of vibration, 
and therefore the output, increases. In fact, to preserve a good 
balance between the upper and lower registers, the mass of the coil 
must lie within prescribed limits. The latter are, of course, deter¬ 
mined experimentally and depend to an extent upon the taste of the 
listener. If the mean frequency of the main nodal group is too low, 
the reproduction is woolly and lacks interpretational qualities. When 
it is too high we are wafted back to our juvenile days of playing tunes 
with paper and a comb. For any particular diaphragm there is a 
certain coil-mass giving maximum output. The mass, however. 
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varies with frequency owing to inconstancy of the diaphragm 
impedance (see Chap. VIII, § 9). 

The profound influence of coil-mass on the profile of the axial 
pressure curve, and therefore upon the frequency characteristic, is 
displayed in Fig. 134. Whereas in curve 1 of Fig. 134, with a 7*8-gm. 
coil, the notches and peaks are an indication of ‘modes’, the same 
cannot be said of curve 2, where the coil-mass is 2*7 gm. The increased 
ampHtude, sound-radiation, and transmission loss concomitant with 



2000 2500 3000 3500 


Frequency (^) 

Fia. 135. Curve showing influence of coil-mass on frequency of 
main symmetrical mode of cone used for Fig. 134. 

reduced mass-reactance culminates in a substantially uniform output- 
level over a certain frequency band. In fact, so far as axial pressure 
is concerned we have a good mechanical band-pass-filter effect. 

So far as the influence of mass on the frequency of vibration is 
concerned, we cannot derive much inspiration from circular disks, 
since the vibrational conditions are dissimilar. One usually associates 
added mass with a reduction in frequency, especially when the mass 
does not contribute to the stiffness of the vibrator. Since the modes 
of vibration are partly extensional, the influence of mass is less 
prominent than it would be under a bending regime. 

To illustrate this feature a series of experiments was performed on 
a coil-driven shell, the frequency of the combination being determined 
for various coil-masses. Variation in mass was effected by the simple 
expedient of removing turns from the coil until a practical limit 
was reached. The results are plotted graphically in Fig. 135. By 
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extending the curve until it intersects the horizontal axis, the fre¬ 
quency for a coil of zero mass is obtained. Owing to the stiffness 
imposed by the cyhndrical paper former, this value may be on the 
high side. The frequency does not alter seriously with reduction in 
coil-mass until the latter is quite small. 

In the ideal case of a lossless disk driven in vacuo where the coil 
does not contribute any stiffness, the influence of variations in coil- 
mass can be found from an effective mass-frequency curve by the 
simple expedient of shifting the frequency axis to the point where 
m = being the coil-mass. Owing, however, to variation in 

acoustic loading and transmission loss with frequency, this artifice 
cannot be accurately applied to pai)er cones. This should be evident 
from Fig. 134, which shows the influence of variation in coil-mass— 
the shape of the curve being altered completely by a light coil. 

12. Influence of major radius on vibrational frequency 

When the radius of the driving coil is fixed, the main vibrational 
frequency for given conditions obviously decreases with increase in 
the major radius, i.e. at the mouth or base of the shell. The rate of 
decrease depends, amongst other things, upon the mass of the coil. 
Some experimental data bearing upon the frequency variation are 
given in Table 29. 

Table 29 


Showing variation in main frequency of come with major radius 




Major 

Minor 

Mass of 

Main 


Thickness 

radius 

radius 

coil 

frequency 

Material 

t {cm.) 

a {cm.) 

b {cm.) 

til, (gm.) 

romt 

Paper 

21 X 10-2 

12 

2-5 

7-8 

2,300 

>> 

»» 

7-5 

2-5 

7 8 

2,900 



50 

2-5 

7-8 

3,600 


Taking logarithms of a and wI2tt it is found on plotting that the fre¬ 
quency is approximately 7*9 x 10^/Vcr. It must be realized, however, 
that the heavy driving coil, whose mass exceeded that of the two 
smaller cones, caused an appreciable reduction in frequency. 

13. Influence of shell thickness on main frequency [114 b] 

As stated previously, bending is predominant in an extremely thin 
shell, and, as in the case of a disk, the main vibrational frequency 
depends substantially on the thickness. Thus one might anticipate 
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a relationship of the form cd = Increase in thickness will be 

accompanied by a steady drop in %, since the circumferential stress 
becomes of increasing importance. Data concerning this matter are 
set forth in Table 30, the apical angles of all the cones tested being 90°. 

Table 30 


Apical angle tp = 90®. 


Material 

Major 
radius 
a {cm.) 

Minor 
radius 
b {cm.) 

Mass of 
coil 
{gm.) 

Thickness 
t {cm.) 

Main 

frequency 

rw 

Aluminium 

19 

2*5 

6 

4-5 X 10-* 

5,400 

*» 

19 

2-5 

6 

8X10-* 

6,000 

Paper 

12 

2*5 

1-7 

21x10-* 

2,900 

” 1 

12 1 

2-5 

1-7 

4X10-* 

3,300 


14. Influence of apical angle on frequency of vibration 

The rise in frequency with reduction in tp is quite rapid from 180° to 
100°. Beyond this the rise is curbed, whilst below 90° c£j/27t falls away 
very slowly indeed. The general appearance of the air-pressure curves 
for various angles is shown in Figs. 134,136,137, where the resonances 
are in the neighbourhood of 2,000 

The relative power-output throughout the frequency range is not 
given by the ordinates of the axial air-pressure curves. This is duo 
to (i) the microphone characteristic not being uniform, (ii) the current 
through the driving unit not being constant, since constant voltage 
was applied to the grid of the power valve, (iii) the spatial distribu¬ 
tion of sound not being spherical, (iv) variation in interference on 
the axis according to the number of nodal circles, i.e. the dynamic 
deformation curve of the shell. This is immaterial since the problem 
of the moment concerns the frequencies of vibration. In curve 2 of 
Fig. 134, where the frequency is indeterminate, an impulse method 
is used. 

It has already been shown that when ^ is 90° the main frequency 
is clearly defined with a heavy coil, but loses definition when a light 
coil is used. Fig. 134. As the angle decreases, the definition is much 
improved, as will be seen from Fig. 136, for ^ = 60°. Two curves are 
given, one of which (curve 1) applies when there is a re-entrant cone 
at the minor radius. An auxiliary resonance is introduced at 1,900 ~ 
and the main peak is shifted to 2,300 In curve 2 there is a series of 
minor resonances at 7,000 (See Chap. IV, § 8 for re-entrant cone.) 
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Frequency (/-^) 

Fig. 136. Axial air-pressure curves, for free-edge conical paper shell with ^ 
equal to 60°, other dimensions as for Fig. 134, curve 1. Curve 1, with re-entrant 
cone 2*5 cm. m radias at apex. Curve 2, without re-entrant cone. The reso¬ 
nance at 700 ^ is due to the air column within the cone. 



Fig. 137. Axial air-pressure curves for free-edge conical paper shell with 
a = 12 cm., h — 2-5 cm., t— 2*1 x 10~^ cm., 0 — 30°. Curve 1, = 4*4 gm. 

Curve 2, m^— 2*7 gm. The resonance at 350 is due to the air column within 
the cone. 

The change caused by alteration in coil-mass is indicated in Pig. 137, 
where ^ = 30°. The main frequency is raised and the output en¬ 
hanced, also the mode before the main peak becomes more prominent. 
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The acuteness of the main peak is in striking contrast with Fig. 134, 
where ifs = 90®. Moreover, a 90® cone is better suited for a loud 
speaker than one of 30®. It is inferred that, owing to the small 
angularity of a 30® cone, bending is relatively of less importance and 
the transmission loss is reduced. 

When the angle becomes appreciably greater than 90®, the main 
modes occur at too low a frequency to be of much value for loud¬ 
speaker work. It so happens, therefore, that for general reproduction 
an angle about midway between a disk and a cylinder gives the best 
results. 

The slow change in frequency with reduction in ifs below 90° arouses 
curiosity regarding its ultimate value when i/j approaches zero and 
the axial length tends to infinity. When a certain angle is reached, 
the cone becomes long enough for relatively important longitudinal 
vibrations to occur. It might be thought that the acoustic energy 
associated with such vibrations is very small. This is undoubtedly 
true, but the extension and compression of the shell give rise to an 
important auxiliary effect. By virtue of lateral expansion and con¬ 
traction (Poisson’s ratio effect) the cone vibrates radially and this 
augments the general output. Tests on a paper cylinder revealed 
resonance. So far as could be ascertained by ear, a large portion of 
the sound was generated in this manner (see Fig. 128 b). 

15. Air-column vibrations 

In investigating the vibrational modes of conical shells the frequency 
of a certain group was found to be dependent solely on the axial 
length and major radius [116]. The material of the shell and its 
thickness had a relatively insignificant effect. These vibrations are 
due to the air column within the cone, which is closed at the minor 
radius by the magnet. Conditions differ from that of, say, a tuning- 
fork held at the mouth of a resonator, for in the cone case the reso¬ 
nator is its own source by virtue of its vibration. Experimental data 
pertaining to air-column vibrations in cones of different materials 
are set forth in Table 31. 

An empirical formula for the main frequency is (x)/2tt = c/2{l+ka), 
where c is the velocity of sound in free air, I the axial length of cone 
plus part of coil former, a the major radius, and k the end-correction 
coefficient, which varies between 0-6 and 0*8. 

The form of the air-pressure curve in the vicinity of the resonance 
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Table 31 


Showing air-column vibrations in conical shells 


Material 

Thickness 
t {cm.) 

Major 
raditis 
a (cm.) 

Minor 
radius 
h (cm.) 

Apical 

angle 

degrees 

Main 

air^column 

frequericy 

(~) 

Paper 

21xl0-a 

122 

2*6 

30° 

360 


>> 

12-2 

2-6 

60° 

700 

»> 

»» 

12*2 

2-6 

90° 

900 

Aluminium 

8xl0-a 

19 

2-5 

90° 

570 

Glass 

1-65x10-^ 

12*7 

2-5 

107° 

1,100 


is of interest, and typical examples are given in Figs. 134, 136, 137. 
The column resonances occur above the main nodal group when 0 is 
135° and the air column is short. For a standard-size paper cone the 
column resonance is portrayed in Fig. 131 at 900 The output is 
then quite large, being about 50 per cent, of that at the main nodal 
frequency which occurs just above 2,000 With heavy cones, e.g. of 
thick aluminium or glass, the amplitude of vibration is reduced con¬ 
siderably owing to large mass-reactance, and the column vibrations 
are of little importance in comparison with the symmetrical modes 
of the shell itself. 


16, Criterion of suitability of materials for speaker dia¬ 
phragms 

We have seen that the resonance group in paper cones 12 cm. radius 
or thereabouts covers a frequency band from 2,000 to 4,000 after 
which the output decays rapidly. Since metal is stiffer than paper, 
it might be thought that a thin cone thereof would elevate the fre¬ 
quency of the resonance band and give a better upper register. To 
obtain some knowledge of the main resonance frequency to be 
expected, it is necessary to consider the mechanical properties of 
materials. In formulae associated with the natural oscillations of 
vibrators. Young’s elastic modulus q is encountered, together with 
Poisson’s ratio a (< 1). For example, the frequency of the purely 
radial vibrations of a circular ring of rectangular section is given by 


(Fig. 128 b) 


=: ?_ i _ 

o7(i —cr*)V/ 


( 1 ) 


The frequencies of the purely flexural modes of the ring are given by 


(Kg. 128 a) 


n{n^—l) t 1 Iq 


(2) 
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where n = 2, 3,.... Now Poisson’s ratio varies from about 0*2 to 0*4, 
according to the material, so that as a first approximation 
can be taken as unity. 

As we have already seen, the frequency of a conical shell does not 
increase directly as the thickness. For a given radius and apical 
angle it depends upon where is governed by the thickness and 
the coil-mass. For average loud-speaker diaphragms varies from 
about 0-2 to 0‘4. Under this condition the frequency is given by 

a)(X<"' J^. (3) 

Now t = pi/p, where pi is the mass per unit area and p the density. 
Substituting this value of t in (3), we find that 

In comparing the frequencies obtainable from shells of different 
materials, when p^ is fixed, the value of will doubtless vary if there 
is a wide difference in thickness, e.g. very thin aluminium and paper, 
where the density ratio is about 4:1. This, however, depends upon 
the thickness of the aluminium. Where and the mass per unit 
area are identical for two shells of different materials, the frequency 
criterion is On this basis we can compare the frequencies 

of paper and aluminium shells of equal radius, apical angle, and mass, 
driven by identical moving coils. Data are given in Table 32. 

Table 32 


Wj — 0*2 in both cases, this being an experimental value based on paper shells. 



Thickne&s 

Density 

<1 

dynes 

i Criterion 

1 ’’ 

Frequency raJtio 

Calcula- Experi- 

Mater ial 

{cm.) 

gm. cm.~^ 

cm.-^ 

V p* 

tion ' nient 

Paper 

3x10-* 1 

1 0-6(i 

1-9x10'“ 

1-84x10“ 

1 23 20 

Aluminium 

7-5 xlO-* i 

1 2-7 

o 

X 

1 

4-22 X 10“ 


The agreement between theory and practice is quite good when it 
is realized that for the aluminium shell should exceed 0*2. This 
value was obtained with paper some four times the thickness of the 
aluminium. Formula (4) can obviously be also used to compare the 
shell masses when the vibrational frequencies are identical. 

It is of interest to remark that for a disk, where = 1, the 
criterion is ^(qlp^). Thus a material with the largest yj(qlp^) gives the 
disk of smallest mass for a given frequency and radius. The velocity 
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of sound in a uniform bar of material ^Jiq|p) is only a criterion when 
both thickness and radius are constant. This is not of much practical 
importance here. 

17. Sheet-metal cones 

Cones have been constructed of aluminium sheet 2-5 x 10“® cm. and 
7*5x10“^ cm. thick. In the thinner of the two bending was pre¬ 
dominant, and the resonance band much too low [114b, 115a]. 
Heavy transients caused loud crinkling sounds and ‘break-up’ of the 
diaphragm was visible to the naked eye. The thicker cone had a much 
more powerful upper register, the crinkling being absent. Speech was 
clear-cut and sharp, but there was no marked shrillness when repro¬ 
ducing sibilants, e.g. the letter ‘s’ did not whistle. A lack of body 
was evident which suggested a defective response between 200 and 
3,500 ~. A curve relating to this diaphragm is shown in Fig. 133 b. 
The air-column resonances occur about 800 to 900 but the sym¬ 
metrical modes with coils of 4*7 and 1*3 gm. lie between 4,000-5,300 
~ and 5,200-7,200 respectively. Here again the influence of coil- 
mass in lowering the output and the frequency is evident. These 
resonance bands are much too high for comfortable audition. The 
response curve shows that aluminium is not a suitable material for 
hornless speaker cones. So far as experimental evidence goes, the 
best results are obtained with paper cones of low density and suitable 
transmission loss. * Their resonance bands are widerf and more highly 
damped than those of aluminium, whilst a fairly uniform level (in 
decibels) is maintained up to about 4,000 In order to increase 
the width of the frequency band, the surface of the cone is sometimes 
circularly corrugated. Typical examples of plain and corrugated 
paper cones, having identical dimensions, are shown in Fig. 138, which 
represent axial-pressure curves corrected for the microi)hone. Both 
cones were mounted on annular leather surrounds. The mass of the 
coil was 3*45 gm., the paper thickness 1*5 x lO'^ cm., the apical angle 
105°, and the major radius 10 cm. [126]. 

18. Vibrational frequencies by impulse method 

When a structure is impulsed it executes various natural modes of 
oscillation which ultimately die out due to losses [113 b, 114 a, c]. If 

♦ By using bakelized paper 5 mils thick, the upper register can be extended beyond 
4,000 The mass of the cone is approximately the same as that of a cone of 
imtreated paper twice the thickness. 

•f i.e. the symmetrical vibrational modes cover a wider frequency band. 
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FREQUENCIES BY IMPULSE METHOD 


a diaphragm is situated in a heavily-damped enclosure with a suitable 
microphone, its acoustic output wave form, when impulsed, can be 
obtained. This gives useful information relating to the vibrational 
frequencies which are likely to be of importance in loud-speaker 
operation. For conducting tests of this nature the circuital arrange¬ 
ment of Fig. 139 is employed. A relay vibrating about ten to twenty 



times per second is used to short-circuit a high inductionless resistance 
R, In this way the grid bias on the valve V is altered and the anode 
current suddenly increases or decreases, the wave form being a series 
of Morse dots. Thus the loud-speaker current varies in like manner 
and severe impulsing occurs. The microphone, which should be one 
of the well-known types with a substantially flat response charac¬ 
teristic, is usually situated on the axis of the speaker, or other 
apparatus under test,* and its output is suitably amplified and con¬ 
trolled by an attenuator before being passed on to an oscillograph 

* For example, a microphone could be tested if necessary. For this to be effective 
the search microphone must be aperiodic. 
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for delineation of the wave form photographically. Two oscillograph 
vibrators are used, one for the actual record, the other for the time 
base. The above method is invaluable in cases where the profile of 
the axial pressure or motional resistance curves are merely rounded 
and lack peaks indicative of vibrational modes (see Fig. 134, curve 2). 
A number of records of different diaphragms are reproduced in Figs. 
140, 142, 143, which show oscillations not suppressed by the magnetic 
field and mechanical losses. 

The complex oscillation of Fig. 140 pertains to a hornless speaker. 
There are two low-frequency components of 33 and 190 ~ superposed 
on a 2,000 ~ oscillation. The 33 ~ oscillation is that of the dia¬ 
phragm as a whole, on the surround, whilst the 190 ~ one is the 
gravest mode of the surround acting as an annular membrane. After 
removal of the latter the record takes the form of Fig. 141. The 
low-frequency oscillations have vanished, but the 2,000 ~ oscillation, 
due to the main symmetrical mode of the shell, remains. A very 
strong magnetic field would be required to suppress this mode. These 
records were taken with the microphone on the axis. When it is 
placed at an angular distance therewith the effect is quite different 
owing to focusing and to the velocity of sound-propagation in the 
diaphragm being less than that of sound in air. The set of records 
in Fig. 142 illustrates the influence of axial and angular distance 
upon the transient wave form. Increase in axial distance reduces the 
oscillations, due to the main mode, which follow the first peak. This 
is doubtless due to a reduction in the standing-wave effect between 
microphone and speaker, since it is not established until after the 
peak occurs. The diaphragm, 12-2 cm. radius, 90° apical angle, was 
mounted on an annular rubber surround whose gravest mode was 
129-5 ^ (Fig. 126). The mode cannot be traced on the record and this 
is a condition to be fulfilled for good reproduction. The resonance of 
the diaphragm as a whole on the surround, at 18-7 is completely 
extinguished. The aperiodic state is shown by the high-frequency 
oscillation superposed on a decay curve. This represents the dia¬ 
phragm being forced back to its equilibrium position by the surround, 
but restrained from oscillation by the magnetic field. It is in great 
contrast with Fig. 140, where both of the surround oscillations occur. 

A record for the aluminium cone [115o] of Fig. 133 b shows that 
the oscillation is not a simple damped sine wave since more than one 
mode is present. The frequency is variable initially but settles down 




Kj(.. 140. rinj)u1s(‘ tocord of liornloss inoving- 
coil loud spoakor with annular luhhor surround. 
Tlu‘ ( oil ot 40 fuins was liaiisforima ( oupled to tho 
^al\o 7d>00 linos <m lo about 0-6 full 

stiongth Mi( Tojihono on spoak(*i a\is. 




Fi(.. 1 111. Iin})uls(' riH'ord of roil-dii\(*n annoalod conieal 
glass lamp shad(> Mu rophono on axis at a distanoo of IS7 cm. 
Irom the cuno. 











(cf) Iiiipuls( r< ( 01(1 of coim al (li i})lnapn (/>) Ks it (a) ))iit inn lopliouf TOcni fiom 

used for t( st data ot I ig 12b taken with inoiitli of ( oik 

miciopliont oil axis at 21 (in fioiu month 
ofcoiK The sMiiiiK tiu al mode Kioidtdis 
2,600 ^ 



(c) As at (a) but inKiopluaK 2") tm (d) As at (a) but mi( rophom 2H(m in front 

away from axis of <on(, and 40 (in away from axis 


Fig 142 






dd5 


XVni. 18] FREQUENCIES BY IMPULSE METHOD 

ultimately to the main mode. A record for the thick glass cone of 
Fig. 132 is shown in Fig. 143 [115 c]. The acoustic output was so small 
that considerable amplification had to be employed. The preliminary 
kick at P is interesting and is due to induction between the driving coil 
and the microphone* leads. The start of the acoustic record is Q, so the 
distance PQ represents to the timing wave scale the time taken for 
sound to travel from the diaphragm to the microphone. The oscillation 
which commences at Q is small but persistent, due to low decrement. 
It never actually dies away before break and a faint trace is visible 
between P and Q, The record is superposed on a low-frequency oscilla- 



Fio. 144 a. Impulse record of driving mechanism of Fig. 82 a without horn. 
Fig. 144 b. As at Fig. 144 a, but with straight exponential horn 6 ft. long. The 
damping effect of the horn is evident. 


tioii due to the resistance-capacity and transformer couplings between 
the valves of the microphone amplifier and the oscillograph. The 
velocity of sound can be calculated from this record, using the follow¬ 
ing data: Timing wave = 2,000 microphone at 187 cm. on axis; 
time interval 11/2,000 sec., giving c = 3-4 x 10^ cm. sec.-^ 

With hornless speakers the damping is relatively small. At low 
frequencies the magnetic damping is the main factor, whilst at high 
frequencies transmission loss assists. In horn speakers the damping 
due to the resistive loading is high, so that one would expect the 
natural oscillations of the system to be more profoundly damped. 
That this inference is borne out in practice will be seen from Fig. 144, 
showing the damping infiuence of the horn. 

* Absent from foregoing records, because experimental arrangement wm different. 
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These examples demonstrate the utility of the impulse method for 
studying the natural oscillations of a diaphragm. Owing to irregu¬ 
larity in some of the records it is almost impossible to determine the 
frequencies of any but the more powerful oscillations. Broadly speak¬ 
ing it is possible to ascertain the main symmetrical mode and to find 
whether that due to the surround, or the diaphragm on the surround, 
is rendered aperiodic by the magnetic field. The behaviour of dia¬ 
phragms under less violent conditions can be studied by suddenly 
appljdng or switching off a steady sine wave. Oscillograms obtained 



1,910 4,000 gauss 1,910 19,000 gauss 


Fig. 145. Acoustical output when a steady sine wave is applied to the 
Blatthaller speaker. The influence of a strong magnetic field in hastening the 
‘attack’ is clearly shown. 

from the Blatthaller speaker (Chap. XIII) under these conditions are 
shown in Figs. 145, 146. 

In taking impulse records care must be exercised to ensure that 
oscillations or aperiodic effects, due to transformers or choke-con- 
denser combinations, are not superposed upon those of the diaphragm 
in such a way as to mask the wave form to be recorded. It is hardly 
necessary to remark that the above procedure can be applied to any 
vibrating system by attaching a moving coil in a suitable position. 

19. Damping of low-frequency oscillations in moving-coil 
speaker [115 b] 

The problem before us is to examine the conditions under which the 
motion of the diaphragm, as a whole, on the annular surround, or 
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centring device, or both, is oscillatory or aperiodic. An output circuit 
for high-resistance coils is shown in Fig. 147 a. For simplicity L and 
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Fig. 146. Acoustical output of Blatthaller speaker when a steady sine wave 
input is suddenly interrupted. The damping influence of a strong magnetic 
field in hastening the decay of the oscillation is clearly shown. 



Fig. 147. 


(а) Power valve and speaker with choke-condenser output circuit. 

(б) , (c), (d) Circuits equivalent to (o) under conditions specified in the text. 

C are assumed to be very large, e.g. 100 henrys, 60/xF giving a 
natural frequency of about 2 If the speaker is represented by its 

3837.3 » 
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equivalent circuit* the diagram of Fig. 147 b is obtained. It is impor¬ 
tant to realize that this is not the electrical analogue of the mechanical 
system, for here = compliance, whilst = mass, which is the 
reverse of the usual conditions. Below 100 ~ the reactance of and 
the damping of are negligible, so the circuit ultimately reduces 
to the form illustrated in Fig. 147 c. The differential equation for 
this circuit is 


where E is the p.d. across The well-known condition for 
aperiodicity is ^ 

or L'^>^C'^RK (6) 

From Chapter VII we have and = m/C^, where 

8 = axial stiffness due to surround and centring device, 
m = equivalent mass in vacuo plus accession to inertia = 

At low frequencies = natural mass, so m = Substituting 

the values of in (2), we get, for aperiodicity, 

C2 > 2V(smJS2). (7) 

When the coil circuit is open w = which on substitution for 

.in (7) yields > 2aymR. (8) 


D*- 


CLR 


D- 


-tVf= 


( 6 ) 


Thus aperiodicity is obtained only when the field strength exceeds 
a certain value. Expression (8) can also be written 

C2 


R< 


2(Dm^ 


(9) 


which means that for a given speaker R must be less than a certain 
amount, namely, C2/2com. It may happen, however, that this con¬ 
dition cannot be fulfilled. For example, from Fig. 147 c the smallest 
value of R occurs when the coil is short-circuited on itself, i.e. = 0. 
If R exceeds C2/2com, the motion cannot be aperiodic. The latter state 
is more readily secured by a low than by a high value of s. This 
means that the natural frequency of the diaphragm, on open circuit, 
should be low and the power valve should have a low resistance. 
Let C2 = 1-2 X lO*^, Rq = 1,400 ohms, R^ = 2,600 ohms, frequency 
of diaphragm! 50 m = 24 gm. Then, from (4), 2aimi2 = 6x 10^ 


Chap. VII, § 1. 


t On the surround and centring device. 
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which exceeds C^, so the motion is oscillatory. Aperiodicity could 
be obtained by reducing s to give a diaphragm frequency of 10 
This is quite a typical illustration, and in general the motion is oscilla¬ 
tory when the frequency occurs in the audible range. 


When ^ is within the audible range* there are two oscillatory 

circuits, and a variety of conditions is possible. These are as follows: 
(a) two distinct damped oscillations, (6) a damped oscillation super¬ 
posed on an aperiodic decay curve, (c) an aperiodic decay curve due 
to the two circuits. The prevailing condition depends upon the damp¬ 
ing of the circuits LC and (7'^. An approximate representation 
of the arrangement is shown in Fig. 147 d, this being applicable to 
low frequencies. Since the two circuits are directly coupled, the 
behaviour of one is modified by the presence of the other [115 b]. In 
general, the damping is insufficient to cause aperiodicity, and there 
are two oscillations whose frequencies are different from those of the 
circuits alone. Consequently the lower register is reproduced with 
a ‘boom’. 


20. Longitudinal oscillation of coil former 

A coil of known mass is wound on a test former several times longer 
than that commonly used in speaker construction. A number of 
equally spaced longitudinal cuts is made round the end. The strips 
so obtained are bent over and glued to a large cylindrical lead block 
weighing 6 Kg. or more, whose gravest mode is supersonic. A speaker 
magnet is placed with its axis vertical and the block arranged to 
accommodate the coil in its customary position in the field. Measure¬ 
ments of motional resistance are made in the usual way. Data for 
a 40-turn coil are portrayed in Fig. 148 [114bJ. The motional resis¬ 
tance is normal up to 4,000 and it is caused partly by variation 
in iron loss for the free and stationary conditions (see Chap. XVI, § 3). 
Beyond this the coil amplitude increases rapidly, and at 4,600 ~ 
a powerful longitudinal resonance of the coil on its former occurs. 
As a check, the frequency can be calculated from the coefficients of 
the system; 

Mean radius of cylindrical former a = 2*5 cm. 

„ thickness „ „ ^ = 2-1 x lO*-^ cm. 


Fig. 147 D. 
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Axial length of cylindrical former Z = 2 cm. 

Density of paper former p = 0-66 gm. cm.-® 

Mass of coil alone rric = 6*8 gm. 

Young’s modulus = 3*4x 10^® dynes cm.-® 

The above value of q exceeds that for paper in its normal state. In 
baking the varnish on the coil, the coil former is also put in the oven, 



Fig. 148. Apparent radiation resistance of coil of 40 turns 28 s.w.g., whoso paper- 
tube former was securely fixed to a heavy lead block in place of a diaphragm. 

and this elevates q from 50 to 80 per cent, according to the state 
of the paper. From the preceding data we find A = 0*33 cm.®, 
m^= 0-45 gm., so the effective coil mass Jwy == 7 gm. Using 
formula (19 a), Chap. IV, since s — qAjl, we find ce/27r = 4,500 
which is in good agreement with the experimental value. The length 
of former used here is about three times that for normal speaker 
construction. In the latter case therefore aj/27r = 4,500V3 = 7,800 
As shown in Chapter IV a frequency of this order is desirable. 

21. Stiffness of a conical shell 

When a mechanical system simulates a simple loaded massless helical 
spring, the dynamical and statical stiffness coefficients are identical. 
The former is defined as 3 = a>®m, where m is the mass. Where 
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flexible disks or conical shells are concerned, the dynamical and 
statical stiffness coefficients are no longer identical, owing to the 
totally different physical conditions in the two cases. Since it is 
impracticable to define the stiffness of a conical shell on the above 
simple lines, other means must be sought to convey the idea of stiff¬ 
ness. It is proposed to find the thickness of the homogeneous disk 
of equal radius, whose first centre-moving symmetrical mode occurs 
at the same frequency as that of the conical shell of like material. 
This must be regarded as purely illustrative, since the stresses in the 
two cases are of a totally different nature. The following data apply 
to a free-edge conical diaphragm: 

Thickness of paper = 5x 10 “^ cm. 

Radius of cone — 16*7 cm. 


Apical angle = 160^^ 


First symmetrical mode = 350 
Second „ ,, = 664 



including coil-mass of 
7*8 gm. which lowered 
frequencies. 


The frequency of the first symmetrical mode of a paper disk (one 
nodal circle) in vacuo, without the coil, is 22 Since co oc the disk 
whose first symmetrical mode is 350 ~ has a thickness* 


(350/22) X 5 X 10-2 = 0'8 cm., 


and its mass is about 15 times that of the cone. The equivalent disk 
is therefore 350/22 = 16 times as thick as the cone. If the vibrational 
frequency of the cone were found in vclcuo without the coil, this ratio 
would be appreciably larger. A second example of a diaphragm 
having a smaller apical angle is given below. 

Thickness of paper t — 2-1 x 10-2 cm. 

Radius of cone a = 12 cm. 


Apical angle ^ = 90° 

Young’s modulus q == 1*9 x 10 ^® dynes cm .-2 
First symmetrical mode without coil = 3,200 

The first mode of a paper disk of equal radius in vacuo is 11 
Thus the thickness of the equivalent disk is 

(3,200/11) X 2 1 X 10-2 = 61 cm. 


* For the sake of illustration it is assumed that <a on t whatever the thickness, but 
this is not rigorous. 
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This is 180 times the mass of the cone and nearly 300 times as thick. 
These calculations demonstrate the enormous increase in stiffness due 
to conicality. 

Having given examples of stiffness pertaining to symmetrical 
modes, we now turn our attention to radial modes. The first radial 
mode of a certain disk 12 cm. radius occurs at 11 whereas that 
of a 90° frec-edgc cone of the same material and radius is 55 In 
this respect the cone is equivalent to a disk five times as thick. It 
should be observed that the radial modes to which reference is made 
are those treated in § 2. They must not be confused with exten- 
sional modes of the type depicted in Fig. 128 b. 



XIX 


DESIGN CONSIDERATIONS IN HORNLESS 
MOVING-COIL SPEAKERS 

1. These instruments cannot be designed in the same precise way 
as hom-type speakers (Chap. XX). The design is usually determined 
largely by trial and error. A critical musical perception is an asset 
for this purpose. The experimental data in Chapter XVIII, together 
with the theory in Chapter VIII, will be found to be of service in 
design work. In many speakers the lower register predominates to 
the detriment of speech reproduction, which is accompanied by an 
unpleasant boom. To avoid this the frequency of the diaphragm on 
its axial constraint should be well below audibility, and the centring 
device must have small mass. The magnetic field ought to be much 
more intense than that in the average speaker, and for this purpose 
permanent magnets are of little use. There are four main resonances, 
namely, (1) that cited above, (2) the surroimd vibrating as an annular 
membrane, (3) the air column within the cone, (4) the symmetrical 
modes of the cone. In some speakers the surround is a loose ring of 
cloth, so that (2) will then be absent. When (2) is present the funda¬ 
mental should occur preferably between 100 and 140 With a cone 
12 cm. radius the air-column resonances occur from 800 to 1,000 ~ 
and help to fill up the gap between the high and the low frequencies. 
If a cone 7 cm. radius were chosen, its symmetrical modes would 
commence at a much higher frequency than with a cone 12 cm. 
radius. With a driving coil whose mass is 2*5 gm. the output might 
be unduly powerful above 3,000 thereby causing the letter ‘s’ to 
whistle. The frequency range properly covered by a single diaphragm 
is limited. An average value for a diaphragm 12 cm. radius is from 
70 to 4,000 To extend the range another speaker must be em¬ 
ployed. In so doing it is essential to use an output circuit of the type 
illustrated in Fig. 164, where each speaker is fed with current per¬ 
taining to its own frequency range only. This obviates waste. Parti¬ 
cular care is required to avoid noticeable resonances in the higher 
frequency speaker units. A powerful magnetic field is desirable 
to damp resonances and give adequate output. To get the best 
results, the mass of the driving coil has to be chosen carefully (see 
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Chap. XVIII, § 11). Inductive reactance of the coil is an important 
factor. Unless it is sufficiently small, the working current is reduced 
appreciably. 

There is no published data on the design and performance of high- 
frequency moving-coil units per se. A brief description of a wide- 
range hornless speaker (80 to 10,000 ~) is given in Chap. XX, § 16, 
and further details will be found in [90 b]. 

Instead of using a moving coil the diaphragm can be driven by two 
crystals of Rochelle salt (sodium potassium tartrate) linked up to 
give an amplified motion. Two plates of crystal are cut in relation to 
their axes so that one tends to dilate and the other to contract (and 
vice versa) when an e.m.f. is applied to the crystals via electrodes of 
metal foil. The plates are cemented together and clamped so that 
only one corner can move, the motion being perpendicular to the 
planes of the electrodes. The action is similar to that in bimetallic 
strips used in recording thermometers and thermal relays. The 
drive is fixed to the free corner of the crystal unit and is connected 
to the diaphragm by a lever mechanism to amplify the motion, 
thereby enabling the mechanical impedances to be matched (see 
Chap. XIII, § 10). Although this drive is most suitable for high- 
frequency speakers, units have been constructed for reproducing the 
lower and middle registers [164 c, 208 a]. 

The question of baffles above 4,000 ~ is of little moment, but it 
is convenient to mount the high-frequency units in the same baffle 
as the main unit. The electrical connexions are preferably such that, 
when supplied with a sine-wave current, all diaphragms move simul¬ 
taneously in the same direction. Since the radii of the upper fre¬ 
quency diaphragms is smaller than that of the main unit, focusing 
of the sound is less pronounced above 4,000 ~ than it would be with 
a single unit (Chap. V, § 1). 

2. Coil current at low-frequency resonance [80 d] 

This can be obtained using the circuit of Fig. 149 a, when a constant 
sine-wave voltage of varying frequency is applied to the power valve. 
The current-frequency curve of Fig. 149 has a crevasse at the resonant 
point, owing to the enormous increase in electrical motional resistance 
[113 a]. If the current is also measured at the resonant frequency, 
with the speaker coil fixed, the motional electrical resistance (includes 
loss) can be computed. 
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Let E^y E'^ be the voltages on the secondary of the teansformer when 
the coil is free and fixed, respectively, as measured with a MouUin 
voltmeter, and 1^, be the corresponding currents; then 



Fig. 149. Showing crevasse in current-frequency curve of hornless moving- 
coil speaker at resonance frequency of the diaphragm on its leather surround. 
The signal voltage applied to the grid of the power valve was constant 
throughout. 

approximately, since the reactance is relatively small in both cases. 
In Fig. 149 == 50 ohms, and since the transformer ratio is 10:1, 

the corresponding anode circuit load is 5,000 ohms. The valve 
resistance is 600 ohms, whilst the total coil resistance referred to the 
anode circuit is — 1,500+5,000 = 6,500 ohms. Thus the circuit 
resistance increases from a nominal value of 2,100 ohms to 7,100 
ohms at resonance, thereby causing the current to fall in the ratio 
2,100/7,100 = 0-3/1. It follows that the output is only its value 
with a constant current, e.g. with a pentode valve of high internal 
resistance. Thus the resonance can be curbed appreciably by using 
a power valve of low resistance. 



(346) 


3. Increase in amplitude at resonance [80 d] 

From Chapter VII the electrical radiation resistance due to a rigid 
diaphragm resonating on its axial constraint is 




( 2 ) 


In the absence of axial constraint the mechanical impedance is almost 
wholly reactive, since the radiation resistance is relatively small. 
Then the electrical radiation resistance 


From (2) and (3) 


i2. 
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. _ CV, 


uNii\ 

ri 


(3) 

(4) 


this being the power ratio of a resonant to a non-resonant system 
when the coil current is constant. The amphtude magnification is 
aymjrj,, this being analogous to toLjR for a tuning coil. Using the 
value of from (2) in this formula, we obtain the amplitude magni¬ 
fication at resonance, namely, 

(5) 


Incorporating the reduced value of current at resonance when a 
triode is used, (5) becomes 

Using the data* = 3-6X 10^®, = 5x 10^^ = 20 gm., 

= 0*3, wI2tt = 75 we obtain /x = 4. Care must be exercised in 
practice to keep the amplitude within the linear portion of the force- 
displacement characteristic of the diaphragm constraint. When this 
condition is violated the wave form is flattened as shown in Fig. 103, 
and powerful alien tones may be created. This, in combination with 
the rectification effect discussed in Chapter XIV, hmits the amount 
of power which can be radiated at low frequencies. 


4. Power output at resonance [80 d] 

The total power (radiation+loss) is i| If E is the anode voltage 
change, the primary current at low frequencies is substantially 

♦ Given in absolute electromagnetic units. To convert C* and to practical units 
multiply by 10“*, 
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J^/total resistance. The total anode circuit resistance at resonance 
is* normal optimum load resistance + 

where 2*5i?^ is the normal load and 9 the transformer ratio. Thus 
I 2 = 9 J 5 /( 3 * 5 i 2 ^+ 92 i?^) and the power 




(3-5iJ«+92i?^)2 


(7) 


By differentiating (7) with respect to i?^, the condition for maximum 


power is found to be 




92 


(8) 


Using the data in the last section = 21 ohms. Actually R^ was 
50 ohms, so the power at resonance was not a maximum. If the 
mechanical resistance is constant, then from ( 2 ), in the absence 
of loss, R^ decreases with reduction in C^. Thus in the present case 
the power at resonance, and therefore the amplitude, would increase 
if the magnetic field strength was reduced. Although this condition 
should be avoided, it is quite prevalent in commercial apparatus, 
doubtless in the interests of economy. 

The advantages of an intense magnetic field are: 

1 . With any given triode the stronger the field the greater the 
reduction in current at resonance. A corresponding reduction in 
amphtude and output ensues. 

2 . The electromagnetic damping is enhanced, thereby reducing the 
growth and decay periods. This provides a better ‘attack*, whilst 
natural oscillations of the diaphragm are more heavily damped. 

3. The general output is augmented and the relative power due 
to resonances reduced. 


5. Relationship between amplitude and loudness [80 d] 

To bring the problem within the purview of simple analysis we shall 
choose a speaker diaphragm 10 cm. radius operating in a hard wall, 
the remainder of the enclosure being ‘dead*. The results apply to 
pure tones only. In practice, soimds are complex and masking effects 
play an important role. 

The sound-distribution at distances exceeding 200 cm. is uniform 
in all directions, provided the radius of the diaphragm is small com¬ 
pared with the wave-length. If the power radiated from one side of 
the diaphragm is P ergs sec.“^, that passing through one square 

* Away from resonance 9 */?^ is negligible compared with 
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centimetre on the surface of a hemisphere of radius r is Pl27Tr^ = 
Also, from Chap. VI, § 2, = p^IpqC, and from (72a), Chap. II, 


4c 


(9) 


Equating the two values of and substituting for P from (9), we 
obtain the r.m.s. sound pressure. 




( 10 ) 



Fic. 150. ‘Isobels’ or curves of equal loudness fl70a] for 
pure tones propagated as plane or spherical waves in air. 


The datum-level of sound intensity is taken as 10“® ergs cra.”^ sec.“^, 
this corresponding closely to a r.m.s. pressure of 2x bars under 
normal conditions at IS^'C. Using (10) and the formula in definition 
15, the level above the datum is 

db. := 74+20logio^®-",*^'-' (11) 

2V2r 

Taking = ^*1 cm., r = 500 cm., 6t>/27r = 64 db. == +77. 
Using the curves of Fig. 150, the corresponding loudness-level is 
60 db., which is on the low side. If the diaphragm were set in the 
centre of a wall in an average room, the intensity would be some 
10 db. higher due to reflection. This gives 87 above the datum and 
corresponds to a loudness of 80 db., which is ample for domestic 
purposes. 
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DESIGN OF HORN TYPE MOVING-COIL SPEAKERS 

1. Thebe are two salient methods of approaching the present pro¬ 
blem, both of which will be considered in detail and the results 
compared [71, 76], As in the design of various forms of mechanism 
associated with vibrations, recourse is had to the electrical analogue 
of the mechanical system. In a resistanceless low-pass filter the 
attenuation over a wide frequency band is zero, but increases rapidly 
beyond the cut-off point. The object in speaker design is to simulate 
this as closely as possible. A very sharp cut-off is not imperative, 
since difficulty might be experienced in connecting the speakers for 
different frequency ranges and ensuring a smooth overall response 
curve. Where only one speaker is used, a sharp cut-off should be 
avoided, since it affects the reproduction adversely. 

2. Method 1 [76] 

The type of unit to be considered is illustrated in Fig. 82 a and the 
electrical analogue of the mechanical system is shown schemati¬ 
cally in Fig. 151 a. The diaphragm (assumed to behave as a rigid 
structure) is represented by an inductance Lj, whilst the surround 
compliance is represented by a condenser Cj. The compliance of the 
air chamber between the diaphragm and the horn throat is repre¬ 
sented by Gg, whilst M stands for the pneumatic transformer action 
due to the diaphragm being of greater diameter than the throat, 
Fig. 151c. Obviously the ratio of the air velocity at the throat to 
that in contact with the diaphragm is AJAq, This, therefore, is the 
transformer ratio. The resistance iJg simulates the throat resistance 
PqcAq, In placing iig across the secondary of the transformer we 
have tacitly assumed that the throat impedance of the horn is wholly 
resistive. As the cut-off frequency of the horn is aj)proached, the 
reactance, due to the particle velocity and pressure being out of 
phase, increases, and if incorporated would be in series with iJg. It 
is quite adequate for our purpose, however, if we confine the analysis 
to frequencies above the horn cut-off, where the phase angle is small. 
At high frequencies, where the wave-length is comparable with the 
diaphragm radius, interference and reduction in output ensue, unless 
the design is specifically arranged to avoid this. Moreover, it is 



350 HORN TYPE MOVING-COIL SPEAKERS [XX. 2 

assumed that arrangements of the type illustrated in Figs. 82 a, 163 
are employed in both methods of design, so that the pressure from 
all parts of the diaphragm arrives at the throat in substantially the 
same phase. Even so there is a reactive component, but it will be 
neglected. 

It is analytically inconvenient to have the transformer, so it and 
are replaced by i? = as in ordinary electrical problems 



Fig. 151. (a), (6). Electrical analogue of mechanical 
system illustrated in (c). In the design given in the 
text it is assumed that the impedance at the back of 
the diaphragm is negligible. When this is inadmissibk^ 
it may be necessary to connect a condenser slumted 
by a resistance between E and If the radia¬ 
tion at higher frequencies is appreciable an additional 
series resistance is required. (See § 12 and Fig. 158.) 

[62], Fig. 151 b. We have to select the various circuital coefficients 
so that the power dissipated in iZ, i.e. that radiated as sound, will be 
fairly constant over a wide frequency band. To secure this condition 
the inductance must be small, i.e. the coil and diaphragm must 
be very light, but commensurate with the duty to be performed. The 
fundamental frequency of the system is that of the coil and dia¬ 
phragm on the annular surround. As a guide this can be taken 
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as the geometric mean of the upper and lower cut-ofi frequencies, 
i.e. ojq = Taking oj*J27t = 60 ~ and cog/27r = 4,000 the 

natural frequency in vacuo should be of the order ^{2 x 10^) = 446 
Assume it to be 400 ~ and the coil and diaphragm mass 1 gm. The 
stiffness of the surround == = 6-4x10® dynes cm.-^ To 

secure a good upper register must be quite small so that it reso¬ 
nates with Jvj at a fairly high frequency. This necessitates a large 
chamber stiffness which in turn will restrict the diaphragm amplitude 
and therefore the low-frequency output. Neglecting R for the time 
being, the high-frequency cut-off is = V(V-^i^ 2 ) ~ since 

the impedance of is negligible above 1,000 In practice it is 
necessary to make R relatively low, and this prevents the cut-off 
being sharp. There is no sudden change in the diaphragm impedance, 
and the attenuation beyond the cut-off frequency increases very 
gradually. If o)J27t = 4,000 then from the above formula 
^2 = 6-4x10® dynes cm.*"^ It is now necessary to ascertain how 
much clearance this figure leaves for the diaphragm excursion. From 
formula (16), Chap. IV, = yAlpJV^ which in the present instance 
gives V = 2-2xl0"'M|. Taking the effective diaphragm radius as 
3 cm., the chamber volume V is 1-8 cm.® The clearance depends 
upon the geometrical form of the throat chamber and diaphragm. 
As a practical guide we shall assume the permissible amplitude 
to be one-half the depth* of the chamber if it were cylindrical. In the 
present case = I’S/IStt = 3-2x 10“® cm. According to the data 
in Table 33, § 15, the radiation at 200 with a throat radius of 
0-85 cm. and an amplitude of 3-2x10“® cm., could be as much as 
1 watt. Below this frequency the output, with constant diaphragm 
amplitude, would decay as l/a>®, so at 60 ~ it would be 0-09 watt, 
assuming, of course, that the cut-off point of the horn resides below 
this. The requirements of a public-address system would not then be 
met if it was intended to reproduce very low frequencies. To obtain 
greater output in this neighbourhood, the volume of the throat 
chamber must be augmented. Doubling the volume gives double 
amplitude and quadruple power, so at 60 ~ we should get 0-36 watt. 
This means that the chamber stiffness and the upper cut-off fre¬ 
quency is halved. The former is now = 1-6 x 10® dynes cm.“^ and 
the latter 2,000 

We now proceed to predict the performance to be expected from 

* This is probably a coxiservative allowance. 



362 HORN TYPE MOVJNG-COIL SPEAKERS [XX. 2 

the two cases treated above, i.e. cut-offs at 2,000 and 4,000 on 
the basis of constant driving force throughout the frequency range. 
To accomplish this object it is necessary to determine the mechanical 
impedance of the system, as presented to the driving force on the 
moving coil, in the form First of all we deal with 

the electrical analogue. The electrical impedance can be found either 
by aid of Kirchhoff’s circuital law or by the simple method of admit¬ 
tances. Choosing the latter way, the admittance of R is (Fig. 151 b) 


Jl_ 

^2 






Thus 


^ jB(1— icjC^R) 

2= 


( 1 ) 


The total circuital impedance is, therefore, 


2 = 






( 2 ) 


Transforming (2) to mechanical quantities, we have 




Thus the effective mechanical resistance opposing the driving force 
on the coil is 

(4) 


__ 8^r 


and the effective mass is 










i 


(5) 


In (5) the portion within the first bracket is the effective mass of the 
diaphragm and the surround, whilst the second quantity is that of 
the throat chamber as modified by the horn. The effective motional 
mechanical resistance must not be confused with r the resistance 
shunting Sg. The two are different, since one refers to a series and 
the other to a shunt connexion. The difference is a matter of the 
phase and magnitude of the velocity. From (4) and (5) it is possible 
to plot curves showing and provided r is known. Assuming a 
throat radius of 0*85 cm., the resistance is p^cA^ = 95 d 3 mes cm.”^ 
sec.~’^ Allowing for transformer action, r = 95(A^/Ao)2 = 1*45 x 10^ 
mechanical ohms. The requisite curves are plotted in Fig. 152. The 
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power radiated is P = and if / is constant, 

Poc^. (6) 

This is portrayed graphically at various frequencies in Fig. 153 to 



Fig. 152. Effective resistance and effective mass curves for 
diaphragm of horn type moving-coil speaker. 

For (1) X dyne cm.“^: for (2) 82 = 1*6 x 10® dyne cm.“^ 



Fig. 153. Curves showing influence of throat chamber stiffness 
on performance of horn type moving-coil speaker. 

For (1), 82 = 6*4 X 10® dyne cm.""^; theoretical cut-off 4,000 ; 

for (2), 82 = 1*6 X 10® dyne cm.”^; theoretical cut-off 2,000 

a logarithmic scale of ordinates. It is clear that the speaker with the 
stiffer throat-chamber and higher cut-off frequency has the better 
upper register of the two (curve 1). 

It is now advisable to test the assumption of constant driving force 

3837.8 ^ a 
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corresponding to equal input to the power valve at all frequencies. 
To do this we commence by calculating the electrical impedance of 
the secondary circuit of the transformer connecting the power valve 
to the speaker. At the resonance of the diaphragm on its surround 
(400 ~), the mechanical impedance is substantially r^. From formula 
(2), Chap. XIX, the electrical motional resistance, assuming absence 
of loss, Rj, = The mean air-gap flux density of the magnet Bg 

can be taken as 2 x 10^, whilst the length of aluminium ribbon on the 
coil is 760 cm., giving a value of = {B^IY == 2-3X 10® practical 
units (abs. units X 10”®). Since = 1-45 x 10^, R^ — 16 ohms. The 
coil resistance being 15 ohms gives a sum of 31 ohms, to which must 
be added the influence of the valve and the secondary of the trans¬ 
former. Choosing equality of valve and speaker resistanees, the total 
effective secondary value is about 60 ohms. The eleetrical inductance 
of the coil is important at high frequencies only. Taking its value as 
8-4 X 10-^ henrys* as based on Table 36, the reactance at 4,000 ~ is 
about 20 ohms. It is easy to show that the motional reactance 
is negligible throughout the frequency range. Thus the impedance of 
the secondary circuit and, therefore, the driving current will be sub¬ 
stantially constant at all frequencies, provided the coil resistance does 
not increase with rise in frequency. From Table 36 we see that the 
resistance does increase, so that the output will decay to an extent 
in the upper register. In general this is not serious up to 4,500 

The efficiency rj = = ij = 0*52, which is a high value 

attributable to the special coil construction (Fig. 82) and the intense 
magnetic fleld. 

Horn, If the cut-off frequency is 60 from Chapter X, j3/2A: = 1, 
so jS = 0-022. According to Chap. X, § 6, the radius of the final 
opening should be about JA = 140 cm. Since the horn curve is 
A = I — (4-6/j3)logioa/ao = 460 cm. or approximately 15 feet. 

3. Method 2 [71] 

The mechanical construction of the driving mechanism differs from 
that in the previous method and is illustrated schematically in 
Fig. 154. The driving coil is connected to the diaphragm by a spider 
of appropriate stiffness, whilst in vacuo the fundamental frequency 

♦ The coil considered here is the same diameter as that cited in Table 36, but is 
one-third the length and has only 50 turns. The air-gap is smaller here, which means 
increased iron loss and inductance. 
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of the diaphragm on the annular surround is below audibility. 'The 
electrical analogue is given in Fig. 156 a. represents the mass of 
the coil and its former with the spider; the compliance of the latter 
is given by condenser The throat-chamber compliance is equi¬ 
valent to Cg, whilst Lg simulates the mass of the diaphragm assumed 



Fig. 164. Illustrating diaphragm and coil construction for horn type 
speaker (method 2 in text). See caption to Fig. 151 regarding the impedance at 
the back of the diaphragm. 


(a) 



Fig. 166. Electrical analogue of diaphragm air-chamber and horn, in moving- 
coil speaker (method 2 in text). 

to vibrate as a rigid structure. The coupling transformer due to the 
throat chamber, shown in Fig. 155 b, is omitted, so R represents the 
mechanical resistance on the diaphragm due to radiation. The com¬ 
pliance of the annular surround, which would be represented by a 
condenser in series with as in Fig. 151, is so large that its influence 
can be neglected. The network in Fig. 155 a, which simulates the 
mechanism of the speaker, is of the 1^ section type with mid-shunt 
termination. The surge impedance of an infinite network of this type 
over a wide frequency range is a resistance of value R = 
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As the cut-off point is approached, a reactive component appears 
which causes a reduction in the diaphragm velocity. In the present 
case, if the above surge impedance is assumed, the attenuation up to 
80 per cent, of the upper cut-off point will be substantially uniform, 
provided = Lg simplicity we shall assume 

that the horn functions above its cut-off point, where the phase angle 
between pressure and particle velocity is small enough for the power 
factor cos 6 to be taken as unity. 

First of all we shall examine the circuit of Pig. 155 a analytically 
and derive an expression for the radiated power PR in terms of the 
circuital coefficients. Using Kirchhoff’s principle, that the sum of 
the p.d.s round a closed circuit vanishes, together with the condi¬ 
tions = 2(72> we have for the first circuit: 

icoLJ,-^^^E; (7) 

for the second circuit: 

(8) 

the positive sign prefixed to the third term signifying that the p.d. 
is now taken in the opposite direction from that indicated in the 
second term of (7); for the third circuit: 

IR + ^*== 0; (9) 

and for the currents: 


Ii — / 2 ~l -/3 and Iq = (10) 

We have to determine the power PR from (7), (8), (9), and (10). 
The plan adopted is to eliminate each current in turn, starting with 
/j, and ending up with / in terms of E and the circuital coefficients. 
Substituting from (10) for in (7), we have 

ico2/i(/2+/3)—== E\ (11) 


so 


or 




ila 


- E, (12) 

where j/® = cd^L^Cj^. Substituting in (12) for i/j/tuOi from (8), 


( 13 ) 
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From (9), ^ =—IB, and from (9), ( 10 ), Jg = 

Inserting these values in (13) we find, on separation of the real and 
imaginary parts, together with the substitution y — (oLJR, that 

IB{{iy*-2y^+l)-iy{y^-2)} = E. (14) 



0 ^ 04 06 06 10 

Values oF {%>c) 


Fig. 156. Curye illustrating perform¬ 
ance of horn speaker designed according 
to method 2 (see text). The abscissae are 
fractions of the upper cut-off frequency 
o}J27r- 


Thus the power supplied to the horn is 


JS?2 


1 


or 


F2 1 


P = 


(15) 


R ( 1 +?^— 

Now y* = and the upper frequency cut-off of the network is 

given approximately by co§ = so y® = 4{(o/<t>c)^. Writing 

to/we = ip in (16) and transforming to mechanical quantities, we 
obtain the power [71] 


10-’/ 


1!’ 
r L 


1 + 1 69 ^ — 649 ® + 649 ® J 


(16) 


The quantity in brackets specifies the performance, provided the 
driving force and throat resistance are constant. Since this pertains 
in the analysis, the output is represented by the bracketed quantity, 
this being plotted on a decibel basis in Fig. 166. The output-level 
is practically unaltered up to 80 per cent, of the upper cut-off 
frequency. 
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4. Details of design 

To make comparison with the design considered in method 1, the 
salient dimensions are unaltered. The output is to be maintained 
constant up to 4,000 which entails a theoretical cut-off at 5,000 
We have = 2^{slin^), Since = 0*5 gm., we get s = 1*25 x 10® 
dynes cm.”^ If there are six spokes to the spider, the stiffness of 
each is approximately 2*1 x 10^ dynes cm.-^ For flat spokes (on the 
assumption of a free end cantilever) the deflexion x = /Z®/3g^I, so 
the stiffness s = fix = 3gI/Z®. For a rectangular section I = 6Z®/12, 
so the thickness t — Assuming I — 0*7 cm., b = 0*15 cm., 

q for aluminium, 7*2 x 10^^ dynes the thickness is Z = 0*064 cm. 

From formula (16), Chap. IV, the stiffness of the throat chamber, 
when closed at the horn, is (writing 2^ for s) 2s = yAlpJV. Using 
the preceding value of s and taking the effective radius of the dia¬ 
phragm as 3 cm. (as in method 1), the chamber volume V = 4*5 cm.® 
The height of a cylindrical chamber is 4*5/97r = 0*16 cm. and the 
maximum permissible amplitude 0*08 cm. The terminal resistance 
of the network, this being the mechanical resistance at the dia¬ 
phragm, is from Fig. 155 a* Tj. = ^{m^s) = 8,000 dynes cm.“^ sec."^ 
This is about one-half the value in the previous design, so that for 
given output the amplitude will be nearly V2 times greater. Now 
= Po^Aq{AJAq)^, so the throat area Aq — p^cA^jr^ = 4*25 cm.®, 
corresponding to a radius = 1*16 cm., which exceeds that in the 
other design by 36 per cent. 


5. Comparison with method 1 

For comparison with the first .method we have agreed to use dia¬ 
phragms of identical mass and radius. The construction, however, 
must be modified to incorporate the spider. The total coil mass, 
including former and spider, is 0*5 gm., 0*11 gm. of this being due 
to the latter. Adding 0*09 gm. for fixing the coil of the spider, 0*3 gm. 
is left for the conductor whose length is reduced in the ratio 3:5 
compared with method 1. Thus G® is now 2*3 x lO^Xg^s ~ 8*3 X 10^ 
in practical units. 

From Chapter VII, the electrical motional resistance 
Since the input impedance the formula becomes 

P C® 8*3x10^ . , 

Rm — — = =F 10 ohms. 

8,000 


= wt*. 
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The coil resistance in the first method is 15 ohms, so it is nbw 
|X 15 = 9 ohms. Consequently the acoustic efficiency = Jg == 0*53 
which to all intents and purposes is identical with the value found 
previously by method 1. In both of these designs it is of importance 
to notice that the back e.m.f. induced due to motion of the coil in 
the magnetic field is very small compared with that in a hornless 
speaker. This is due to the smaller amplitude in the horn speaker 
required to radiate a given power (see Table 33). Thus the motional 
capacity is small enough to be disregarded in comparison with the 
motional resistance. Owing to the greater chamber volume the pre¬ 
sent design is capable of greater output at very low frequencies than 
that of method 1. The power delivered to the horn is P = 

Now the maximum permissible amplitudes vary directly as the 
chamber volumes, since the diaphragms are of equal radius. Thus 
the power ratio of the designs is 

^ 8X ^ 

Pi \vj U-8/ 1-45x10^ * 

or 5-3 db. at the lowest frequencies. In method 2 the permissible 
amplitude is (from above) 0*08 cm., which with = 8,000 gives the 
ultimate power as P == 2*5 x lO-^^co^. At 100 ~ this means a maxi¬ 
mum output of 1 watt and at 60 ~ one of 0*36 watt, which is ample 
for a single speaker covering a wide frequency band. For picture- 
theatre work it is customary to specify a maximum output at the 
lower cut-off frequency. Under this condition the above design pro¬ 
cedure would have to be more or less reversed. It could, of course, 
be used as a basis and the essential modifications made to ensure 
adequate low-frequency output. 

6. Horn 

The only essential difference between the data in the two cases is 
that Uq is now 1*16 cm., which gives a length of 14 feet as compared 
with 15 feet found previously. 

7 . High frequencies 

The two designs show a different behaviour at the upper frequencies, 
provided the diaphragm is rigid in each case. The input impedance 
in 1 is partly resistive, and partly reactive due to the coil mass. At 
higher frequencies the latter component curbs the diaphragm velocity 
and reduces the output as shown in Fig. 153. In practice, however. 
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resonances come to the rescue and the output is maintained up to 
4,500 as shown in Fig. 100. The origin of these resonances is most 
likely in the diaphragm. Its spherical shape does not give such high 
rigidity as that of a cone, and nodal circles are likely to occur near 
the axis. We ought to mention, however, that the reactance com¬ 
ponent due to the air can be represented by an inductance in series 
with jB in Fig. 151b. This gives a parallel oscillatory circuit, but it 
may be too heavily damped for resonance to have an appreciable 
effect on the speaker performance. The input impedance in method 2 
is wholly resistive up to a higher frequency than in method 1. Thus 
the output is maintained fairly uniform up to a higher frequency, but 
the cut-off is sharper. In practice resonances doubtless contribute 
their quota and off-set the influence of frictional loss at the horn 
throat. 


8, Factors controlling the efficiency* 

Since = 2^(s/mc) have Now 

= 2C^la)cmc, where nic includes the coil, conductor in¬ 
sulation, former, and spider. Let = 9 m', where w?' is the mass of 
the conductor alone. We have m' = p^lA, so 


•®m 

Also the conductor resistance 


2C2 





(17) 

(18) 


where pi can include the influence of iron loss in the magnet. Using 
the value with the aid of (17) and (18), the efficiency 

[71] is j j 

^ T I / o / D \ 1 r~i'7z> (1^) 


1 + 1/^’ 


where 




Bm 9^cPlP2 

For a given upper cut-off frequency the efficiency increases with x, as 
shown in Fig. 96. As might be expected, the flux density should be 
as large as possible for high efficiency. The product of specific resis¬ 
tance and density {P 1 P 2 ) is to be as small as practicable. Here alumi¬ 
nium scores over copper, since piP 2 for the former is half its value for 
the latter. When Bg and p^p^ are fixed, the efficiency increases with 


* §§ 8, 9, 10 refer to method 2. 
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rise in the upper cut-off frequency. Now tOg = 2^{8jmg), so that if the 
stiffness is constant, m decreases with rise in Wg. There is, however, 
a limit, since m is the diaphragm mass of fixed diameter. Its thick¬ 
ness cannot be reduced a great deal, since the resonance frequency 
would be quite low, thereby modifying the performance. Also with 
a diaphragm of inadequate rigidity, the speaker might be prone to 
rattling with large low-frequency input. <p is an important factor and 
its value should be as near unity as possible. This can only be accom¬ 
plished by adopting a special form of coil design, e.g. strip wound on 
edge, as shown in Fig. 82 b. There is, of course, the problem of 
attaching the coil to the spider, and this is where the second design 
is at a disadvantage compared with the first, since the inactive mass 
of material is a goodly proportion of the coil mass. 


9. Relationship between power and throat area [71] 

From formula (16), Chap. IV, and Fig. 155 a, the chamber stiffness is 


2s = 





( 20 ) 


since Wg = 2^^(sjm^ and r, = 

The mechanical resistance at the diaphragm is 

- _pMd 
** ~A ’ 

from which it follows that 


( 21 ) 


y ~ ^22) 

PoCWc (x)^ 

Thus for a given throat area and upper cut-off frequency the volume 
of the air chamber is constant. The permissible displacement, being 
one-half of the height of the equivalent cylindrical chamber, is 
V12 A a = Inmx* from above 

P = j watts. (23) 

For a given throat area, the output increases with decrease in the 
cut-off frequency, since this permits a larger chamber volume and 
greater amplitude. Alternatively, if is fixed, a large throat area 
is required to deliver considerable power. There is, however, a limit 
beyond which trouble with the diaphragm arises due to increase in 
diameter and thickness. 
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10. Upper limit of throat area (^o) [71] 

IVom § 8* r, = = p^cAyA^ from (21), so 

= = (24) 

For any given shape of diaphragm where mi is 

a constant. Thus j 

Ao = (25) 

where wg = 84/mip2* When the fimdamental frequency of the dia¬ 
phragm is fixed, can be found in terms of co^ for any specific shape. 
Thus the largest permissible throat area can be determined. To 
secure rigidity the diaphragm must be either conical, spherical, or 
some such form as shown in Fig. 82 a. The relationship between A^ 
and t is then not of the simple form which pertains to a disk, and 
may have to be found experimentally. This will be realized by refer¬ 
ence to Chapter XVllI, where it is shown that the influence of cir¬ 
cumferential or hoop stress is of prime importance when the thickness 
exceeds a certain amount. 

11. Experimental data on horns 

Some data obtained with exponential horns and modifications thereof 
are shown graphicallyf in Fig. 157 [68]. These horns were driven by 
an electrical unit actuated by a power valve to whose grid a con¬ 
stant input voltage was supplied. It is seen that the power from 
a horn 16 in. long begins to fall rapidly below 360 To extend the 
range down to 120 ~ a horn 4*5 times as long is required. Even so, 
the power with such a horn at 120 ~ is slightly less than it is with 
a shorter one at 360 The length of the horn increases more rapidly 
than the cut-off frequency decreases, e.g. 4-5 > 360/120. This bears 
out the theory in Chapter X that the radius of the opening must 
increase with the wave-length. The rate of expansion being fixed, it 
follows that the horn-length increases with the wave-length. There 
is little necessity to comment on the shapes of the curves above 
500 except to mention that they are typical of the results obtained 
from moving-coil horn-type speakers. There is a fairly sharp cut-off 
about 5,000 ~ in all cases, but in all probability it is mainly due to 

* by hypothesis, where is the mass of the diaphragm alone. 

t A vertical scale is not given since it is absent in the original. It is not clear 
whether the output was measured on the axis or integrated over a hemisphere. 
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interference in the throat chamber, when A is comparable with the 
diameter of the diaphragm 

When a cylindrical section 12 in. long is inserted half-way along 
a horn 7 feet long, the transmitted wave is suddenly imable to 
expand. Part of its energy is diverted backwards, i.e. it is reflected 
with consequent loss in output [68]. The result is to raise the cut-off 
frequency from 100 to 140 and to cause a reduction in output up 
to approximately 450 <^. It is only fair to remark, however, that 
the aural effect would be almost negligible. The influence of a 12-in. 



Fig. 157. Curves illustrating performance of straight 
exponential horns of different lengths. 

parallel section at the throat is to reduce the output from 450 to 
200 and to lower the cut-off frequency by 10 

12. Directional baffle speaker, i.e. large diaphragm with horn 

The arrangement is shown diagrammatically in Fig. 158 a. The dia¬ 
phragm radius is of the order 7 cm., the assembly being akin to the 
ordinary moving-coil speaker excepting that a wide horn is used to 
increase the efficiency [11, 15]. It also increases the directional pro¬ 
perties. The sound from the rear of the diaphragm is suppressed by 
an absorbent cabinet. The absorption at low frequencies is small 
compared with that at high frequencies, where the absorption coeffi¬ 
cient is substantially unity. In investigating the design, the first step 
is to determine the electrical analogue of the mechanical system. It 
is not easy to assess the effective mass of the coil and diaphragm, 
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owing to the various vibrational modes which occur throughout the 
acoustic register. From Fig. 111, for a cone with an annular surround, 
the effective mass is seen to be very variable, particularly in the 
neighbourhood of resonances. If the effective-mass curve of the dia¬ 
phragm, under the conditions indicated in Fig. 158 a, is known, the 



(b) 

L C C. 



L, C Cz 



Fig 158. 

(а) Schematic arrangement of directional baffle speaker. In some cases the 
sides of the box are perforated. 

(б) Electrical analogue of the mechanical system m (a). The effect of radia* 
tion from the back of the cone can be mcluded in -Bj, but it is preferable to use 
a separate series-resistance iJj (not shown) between CiRi, and 

The separation of the diaphragm and the front of the air chamber is 0*32 cm. 

value of the inductance in the analogous electrical circmt of Fig. 158 b 
is calculable. This, however, is not permissible in the present case, 
since we start ab initio. All we can do, therefore, is to substitute 
some form of diaphragm amenable to calculation in order to establish 
the design. Moreover, we select a rigid disk on the assumption that 
the magnet does not interfere seriously with the sound radiation 
from the rear. 
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The mass is the sum of coil, diaphragm, and accession to inertia, 
i.e. If we confine our attention to the frequency 

register above the horn cut-off, where the particle velocity and pres¬ 
sure are substantially in phase, on the horn side of the diaphragm 
is negligible. On the cabinet side the low-frequency condition differs 
from that of radiation into one-half of infinite space, and the acces¬ 
sion to inertia is thereby modified. Its value depends upon the form 
and size of the box, together with the absorption coefficient. As a 
first approximation we shall take to be the value calculated from 
formula (14), Chap. III. Thus is found, so the analogous electrical 
quantity can be determined. The elastic effect of the air in the 

box can be ascertained by aid of formula (16), Chap. IV. Since 
the analogous capacity = VJA^PqC^ = l/s^, where Tj 
is the volume of the box and the effective area of the diaphragm 
(Tra^). Owing to absorption of sound within the box, this condenser 
is to be shunted by a resistance which decreases as the absorption 
increases. When the latter is zero is obviously infinite. 

There is also the resistance R 2 due to radiation from the back of 
the diaphragm. This can be treated as a series resistance between 
Cl and C2 in Figs. 158 b, c (not shown). As a first approximation 
the mechanical resistance can be calculated from the formula in 
Chap. VIII, § 1, viz. = p^cAGi. It varies with frequency* in a 
manner similar to that of the dotted curve of Fig. 17. 

The elastic effect of the annular surround is represented by a series 
condenser Cg, since the box and surround constraints are additive, 
both opposing axial motion of the diaphragm. Allowance can be 
made for sound radiation and increased mass due to the surround 
by supposing the diameter of the diaphragm to be augmented by 
an appropriate amount. This completes the diagram for the rear 
portion. 

In front of the diaphragm there is the stiffness of the throat chamber 
and the resistance imposed by the horn. These are in parallel since 
the horn acts as a leak on the chamber. From above, 

V 1 

~AIpoC^-8’ 

where V is the volume between the diaphragm of effective area 
A^ and the throat entrance. Above the horn cut-off frequency the 

♦ Lij Ri, and JBj vary with frequency. 
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throat resistance is approximately = PqcAq, The resistance across 
C exceeds this owing to the transformer action of the chamber. If 
refers to the diaphragm, we have = rQ{AJAQYy and the electrical 
value R follows immediately. The value of A^ depends upon the 
load required on the diaphragm, and also the interference at higher 
frequencies where the wave-length approaches the diaphragm dia¬ 
meter. The complete electrical analogue of the mechanical system, 
as shown in Fig. 158, has now been determined. 

In designing the speaker [15], the magnitudes of the various com¬ 
ponents in Fig. 158 b must be chosen to give a relatively uniform 
response over as wide a frequency band as possible. Some design 
data may be of assistance in this direction. A reasonable throat dia¬ 
meter* for a cone 7 cm. radius is about 11 cm. If the cut-off frequency 
is 50 the flaring index ^ = 2k = 2007r/(3*4x 10^), which amounts 
to l'84xl0"2 (Chap. X). The radius at the hom-opening must be 
about JA to |A, i.e. the final radius is of the order 130 cm. Since the 
area at any axial distance is A = A^eP^, we have 

j 4-6, a 

I = logio— = 346 cm. 

P «o 

or 11*5 feet. 

The resistance at the throat = 4x 10® mechanical 

ohms, so at the diaphragm r,. = 4x 10®(7/5*5)^ = 1-05x 10^ mecha¬ 
nical ohms. At the back of the diaphragm r^. steadily rises from 
a low value at 50 ~ to 6,500 mechanical ohms at 1,500 ~ above 
which it is substantially constant apart from cone resonances. This 
resistance reduces the diaphragm amplitude and, therefore, the 
output on the horn side. 

Chamber stiffness 

~ = s = z= 9-3 X 10"^ dynes cm.“^ 

0 V 

The value of Cg is best calculated from the natural frequency of the 
diaphragm on the surround in absence of the horn, box, and electro¬ 
magnetic damping. Taking the natural frequency as 30 the coeffi¬ 
cient of restitution or stiffness is 

^2 = 

= 2*9 X 10® dynes cm.“^, 

♦ In practice the throat is square, 4 in. X 4 in., whilst the conical diaphragm is 3 in. 
radius., 
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where = 8 gm. So far as the box is oonoemed can be omitted 
for simplicity, since the stiffness 

i 2-6 X10® dynes cm.-i 

is relatively so small. Thus we are concerned with (1) mass of 
diaphragm, (2) stiffness of surround, (3) stiffness of air chamber, 
(4) resistive load on diaphragm. The low-frequency cut-off of the 
mechanism is substantially that of and « 2 » i.e. 30 The actual 
cut-off acoustically is settled by the horn. Apart from diaphragm 



Fig. 159. Efficiency curve of directional baffle speaker. The radiation from 
the back of the cone is included in all cases. Owing to focusing of the radiation 
at higher frequencies (see Fig. 160), the response curve taken on, or at a small 
angular distance from, the axis is fairly constant up to 5,500 The lower 
register can be extended down to 60 ^ by using a baffle 10 ft. long and 
6 ft. X 6 ft. at the mouth. 

resonances, which augment the upper register and tend to preserve 
uniformity of output, the upper cut-off is due to and to s. Thus 
ojc = frequency is 600Actually the cut-off is obli¬ 

terated by the shunting effect of R, but the output in the upper register 
slowly decays. The efficiency found by measurement of motional 
resistance in air S'^d by microphone measurements on a certain 
speaker in the open air (Chap. XV), is shown in Fig. 169 [16]. The 
output declines above 300 It would decay more rapidly above 
2,000 ~ if the diaphragm behaved as a rigid structure. As in other 
types of speaker, resonances are required to boost the output at higher 
frequencies. The power above 6,000 ~ is attenuated due to spatial 
interference. Owing to the large hom-opening (68 in. X 43 in.) there is 
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a strong directional effect over the whole frequency band, as shown 
by the polar diagrams of Fig. 160. The focusing in a central plane 
orthogonal to the long axis of the baffle mouth is more uniform over 
the frequency range from 400 ~ upwards than that in the central 
plane containing this axis. This is due to the sound pressure steadily 
falling away towards the edge with increase in frequency [11]. The 
effect is equivalent to a reduction in the linear dimensions of the 
radiator, so the focusing increases less rapidly than that for a rigid 
diaphragm. The axial pressure at a distance of 20 feet from the 
speaker is substantially constant from 100 to 5,000 Instruments 



Fig. 160. Polar radiation characteristics of directional baffle sj^eaker (a) in 
plane containing long axis of baffle mouth, (6) in plane containing short axis 
of baffle mouth. 

of this type are used in cinemas where large acoustic power is 
required. An output of from 1 to 2 watts can be obtained. 

13. Speakers for picture theatres [7, 11] 

(a) There are three salient types of speaker used in this class of work, 
all of which operate on the moving-coil principle. They are (1) horn 
type, (2) directional baffle, (3) flat baffle type.* Class (2) is in reality 
a special form of (3) in which the baffle is replaced by a stumpy 
exponential horn to increase the resistive load on the diaphragm. 
The latter is usually about 7 cm. radius as compared with 2*5 cm. 
for class (1). The salient characteristics are as follows: 

(6) Efficiency. On the average the efficiency of the horn type is of 
the same order as that of the directional baffle speaker. The latter 
is from 6 to 9 decibels higher than a single cone in a flat baffle. 

(c) Radiation distribution characteristics. Each type exhibits focus- 

♦ This t 3 ^e is introduced for comparison. It is now used chiefly to give large 
output at low frequencies. See § 16. Under this condition the possibility of sub¬ 
harmonics, Chap. XVIII, § 7, must not be overlooked. 
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ing at higher frequencies. For (1) and (2) an angle of 20® on each 
side of the axis of symmetry is covered at 4,000 The width of 
the beam increases with fall in frequency. This gives satisfactory 
results in small theatres, but in large ones, two or more speakers must 
be suitably situated* and directed specifically to cover a greater 
angle. The distribution from a single cone unit in a flat baffle is less 
focused than that in types (1) and (2). 

(d) Response characteristics. Typical curves taken on the axes of 
types (1) and (2) are shown in Fig. 161. Although axial curves are 
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Frequency-cycles per second 

Fig, 161. Relative frequency response characteristics of two speakers [11]. 


an imperfect index of performance, these two are comparable, since 
the horn opening was of the same order of size as that of the direc¬ 
tional baffle, namely, 5 ft. x 3 ft. The latter type covers a somewhat 
wider range and is better at low frequencies. Type (3) gives a curve 
which is somewhat similar to that of the directional baffle type 
excepting that its level is several decibels lower. In certain cases the 
upper and lower frequencies may be relatively more powerful for a 
flat than a directional baffle, but as this depends upon design, no 
hard and fast rules can be recommended. 

(e) Input power capacity. The input is limited either by the per¬ 
missible temperature rise of the coil or the restriction of axial ampli- 

♦ The speakers are usually located at the centre of the screen to obtain the conect 
acoustic illusion. 

3837.3 
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tude. To obtain a reasonable response up to 4,500 all classes of 
speaker must have coils of small mass, and the temperature problem 
is much the same in each case. On the average a maximum input of 
from 4 to 6 watts can be handled, but in certain cases this can be 
exceeded. As regards axial amplitude, this is limited chiefly by 
clearance in the throat chamber in types (1) and (2), but no difficulty 
arises for average purposes. For the above input to type (3), diffi¬ 
culty may arise at low frequencies owing to excessive amplitude. 

14. Sound power required in theatres 

Picture theatres are usually designed to have suitable acoustical pro¬ 
perties, and damping material is added where it is required, so that 
the sound power is properly distributed throughout the audience. 
From measurements on a large number of theatres of different sizes, 
it is possible to establish data from which the maximum sound power 
to be delivered by the speakers can be calculated. A curve of this 
nature is plotted in Fig. 162 [7]. Over a large range it is substantially 
linear. Since the power is greatest at low frequencies, this curve can 
be interpreted to mean that for a theatre of 4x 10® cubic feet with 
a seating capacity of 2,000 persons, the speakers must be capable of 
dehvering just over 2 watts at, say, 80 If the efficiency of the 
speakers is 25 per cent., the undistorted output of the amplifier must 
be at least 8 watts. Speakers of tjrpes (1) and (2) can take an input 
of about 6 watts, so that two would be required. Suitable orientation 
would give a good distribution characteristic. 

In the flat baffie type the resistive loading is small, a large ampli¬ 
tude being required to radiate 2 watts. From Table 33, for a dia¬ 
phragm 10 cm. radius, the amplitude at 80 ~ is found to be 0*7 cm., 
which approximates to the axial length of the air-gap. An amplitude 
of this magnitude would introduce distortion due to two causes, 

(a) inadequate stretch of the annular surround and centring device, 

(b) variation in the value of the force factor, due to the coil moving 
out of the gap into the weaker leakage field (Chap. XIV). If the axial 
amphtude is Hmited to 0-15 cm., the power radiated at 80 ~ from 
a diaphragm 12-5 cm. radius cannot exceed 0-23 watt. For the above 
theatre nine speakers would be required. It ought to be noted that 
this result is independent of efficiency. If the speakers are designed 
to cope with greater amplitudes, say 0-2 cm., the requisite number 

♦ In some cases the power is taken as 2 watts per 1,000 persons. 



XX. 14] SOUND POWER REQUIRED IN THEATRES 


371 



Fig. 162. Acoustic power required in theatres of various sizes. 



Fig. 162a. Diagrams illustratmg wide 
range type of hornless moving-coil speaker. 

The coil is split, and the two portions 
joined together by a compliant link. 

is reduced to five. Assuming the efficiency to be 6 per cent., the 
maximum input to each speaker, for a radiation of 0-23 watt, is 
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nearly 4 watts, and this is permissible. For an amplitude of 0*2 cm, 
the input is about 7 watts, which can be handled in a good design. 
The amphfier must be capable of dehvering an undistorted output 
34 watts, which is over four times that for types (1) and (2). On 
a cost basis it is necessary to contrast two speakers of types (1) or 
(2) and an amplifier to deliver 8 to 10 watts, with seven speakers of 
type (3) plus an amplifier to deliver 34 watts. Obviously the first 
proposition is the more economical of the two. 

If the low-frequency limit were raised to 100 ~ the number of 
speakers of type (3) could not be decreased, whilst lowering the limit 
to 60 ~ would entail a larger number to deliver the maximum power 
at that frequency. 

The low-frequency power can be obtained with smaller amplitudes 
if the size of the diaphragm is augmented. This reduces the number 
of speakers to give low-frequency power, but additional units are 
required for the upper frequencies. So far as type (1) is concerned, 
if large low-frequency power is to be radiated, several driving units 
can be coupled to a large horn, the external connexions being such 
that all units move in phase. To preserve an adequate response down 
to 50 ~ necessitates a very large horn, and preferably a special low- 
frequency driving unit. This is not only costly but the horn occupies 
a large space. In general the choice of speaker lies between the horn 
and the directional baffle types. On the whole there is little in it. 
The fiat baffle speaker is too inefficient for this class of work. It is 
useful, however, where a restricted range of very low frequencies is 
required, e.g. 40 to 300 since large diaphragms can be used. The 
range above 300 ~ can be supplied by one or more horn units. 

In common with other branches of apphed science the design and 
installation of apparatus for sound reproduction is decided not only 
on technical points, but by experience and general economical con¬ 
siderations. These latter can only be learned by direct contact with 
the real thing. 

15. Amplitude to radiate 1 watt at various frequencies 

The amphtude of a driving mechanism to radiate a definite power 
depends upon the frequency and the acoustic loading on the dia¬ 
phragm, i.e. upon the type of speaker. 

(a) Flat baffle type. The maximum available power from this type 
of speaker at low frequencies is shown, in Chapter II, to be equal to 
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that from one side of a rigid disk in an infinite baffle, the other con¬ 
ditions being identical. At high frequencies the radiation is focused, 
so that from the rear can be excluded. Consequently our computa¬ 
tions will be based upon the power from one side of a rigid disk in an 
infinite baffle. Using formula (6), Chap. VI, and putting == V2fo, 
we obtain P ^ (26) 

where A = Tra®. 

If P = 10'^ ergs per sec. and p^c = 42, (26) transposes to 

At low frequencies, when ha < 0-5, Thus l/co^ 

and the amplitude is very large indeed, as shown in Table 33 for 
a disk 10 cm. radius. 

(6) Horn type. The following hypotheses will be used to simplify 
the calculations: (i) the speaker operates sensibly above the horn 
cut-off frequency, the pressure and particle velocity being in phase, 
(ii) the pressure from all parts of the diaphragm reaches the horn 
throat in the same phase, (iii) the diaphragm moves as a rigid struc¬ 
ture. The impedance of the throat is, by (i), wholly resistive, its value 
being PqcAq, where Aq is the throat area. The load on the diaphragm 
is PqcAq{AJA^Y^ so the power 

P = ^0 (28) 

2Ao 

where = area of diaphragm. Inserting P = 10^, PqC = 42 in 
(28) we obtain 

a|co 


where are the respective radii. 

Taking — 0*85 cm., — 3-0 cm. a series of values of 
given in Table 33, so that they can be compared directly with those 
for the rigid disk 10 cm. radius in an infinite baffle. To facilitate this 
the ratio of the amplitudes is given in column 4. At 50 ~ the ampli¬ 
tude of the disk is 16-7 times that of the diaphragm of the horn 
speaker. Neither of these cases would occur in practice, since fo 
exceeds the permissible displacement of the surround. Consequently 
larger diaphragms or a plurality of units is required. From 1,000 ~ 
onwards the ratio is constant, which signifies that the mean resistance 
of the rigid disk matches that of the medium. Thus it is PqcA^ and 
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the amplitude in both cases varies inversely as the frequency. Ana¬ 
lytically, from (26) and (27) the ratio 


disk 

horn 


IS 9 = 


k 




ckZq VGj 


(30) 


For given radii 9 depends upon 

J_= /__. 

VGi V l--{J^(2ka)/ka} 

At frequencies where ka > 1*9, G^ is substantially unity (Chap. VIII), 
so (30) reduces to diaphragm and throat radii 

are identical and the above becomes aja. Thus the influence 

of reduction in throat area is to lower the amplitude/or the horn in the 
ratio i.e. the square of the transformation ratio, as might be 

expected. When a = 0 ^ = the amplitude is identical in both cases. 

The diaphragm amplitude in a directional baffle type of speaker is 
computed in the same manner as that for the horn. In either case, if 
operation occurs near the cut-off frequency, the requisite amplitude, 
for an output of 1 watt, exceeds that obtained from the preceding 
formulae. 

Table 33 


Showing amplitude of rigid disk {a =- 10 cm.) and diaphragm 
(a^ = 3 cm.) of horn speaker to radiate 1 watt at 
various frequencies 


Frequency 

Diaphragm Amplitude {cm.) 

Ratio 

USh 

Horn 

Disk 

30 

10-1x1-9 

5-06 

26-6 

50 

10-1x116 

1-84 

15-9 

100 

10-*x5-8 

4-56x10-1 

7-86 

200 

10-2x2-9 

1-15x10-1 

3-96 

500 

10-2x116 

1-97x10-2 

1-7 

800 

10-2x7-25 

10-2 

1-38 

1,000 

10-2 X 5-8 

6-14x10-2 

1-06 

2,000 

10-2x2-9 

3-07 X 10-3 

1-06 

4,000 

10-3x1-45 

1-54x10-® 

1-06 

8,000 

X 

1 

0 

7-7x10-* 

1-06 


16. Reproduction of frequencies above 5,000 ~ 

The range of important audible frequencies lies within the limits 40 
to 15,000 No single speaker has yet been designed to cover this 
range. As a general rule the output from the average hornless speaker 
decays rapidly above 4,000 By modifying the construction and 
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introducing the basic principle of the mechanical filter, the range 
in a single speaker may be extended up to 10,000 A design em¬ 
bodying this principle is shown diagrammatically in Fig. 162 a [90 b]. 
The coil is divided into two portions separated by a compliance in 
the form of a circular corrugation. The diaphragm is also broken up 
into sections separated by compliances of like nature. The electrical 
analogue of the mechanical system comprises inductances in series 
and condensers in shunt, as in a low-pass filter (Fig. 155). The 
electrical impedance of the complete coil is maintained fairly uniform 
by connecting a condenser across one-half of it to by-pass the current 
above 1,000 The compliant link in the coil is such that beyond 
this frequency there is little motion of the shunted half. Thus the 
effective mass of the coil is reduced at higher frequencies and the 
sound output is maintained substantially constant* over a much 
wider frequency range than in speakers of ordinary design. 

With horn speakers large low-frequency output can only be ob¬ 
tained by having relatively large diaphragms and throat-chamber 
clearances, which reduce the high-frequency output. To cover a wide 
frequency range more than one speaker can be used. In a certain 
public-address system two horn-type speakers and two or more horn¬ 
less speakers with a large baffle are used to cover the range 40 to 
10,000 ~ or more [18 a]. The latter speakers reproduce frequencies 
from 40 to 300 the first horn speaker (12-ft. horn) reproduces the 
range 300 to 3,000 and the second horn speaker, described below, 
extends the range to 10,000 ~ or even higher, according to require¬ 
ments. The speakers are connected to the power valves by a filter 
arrangement whereby each unit is supplied with current correspond¬ 
ing to its own range only. The input is such that equality of output 
from the hornless and first horn speakers occurs at 300 and for 
the two horn speakers at 3,000 A combination of this type is 
used for noiseless wide frequency range films and for hill and dale 
gramophone records. In the latter a power range approaching that 
of a full orchestra (60 to 70 db.) can be obtained, whilst the playing¬ 
time of a record 12 in. diameter is fifteen minutes. 

In designing a speaker to cover the audible range above 3,000 
use is made of Fig. 151 b, whereby the diaphragm mass, its natural 
frequency on the annular surroimd, and also the throat chamber 
stiffness can be settled. The diaphragm area must be kept within 
See Chap. XVIII, § 11, for influence of coil mass. 
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bounds to avoid interference within the air chamber, due to the 
wave-length being comparable with the diameter. The fundamental 
frequency of the diaphragm on the surround must exceed 4,000 
whilst that of the mass and the stiffness due to the air chamber and 
surround combined should fall below the upper frequency limit. 

A sectional diagram, showing the construction of a speaker [6] 
designed on these lines, is given in Fig. 163. The diaphragm, of 
duralumin 5 x 10“® cm. thick, is a hollow spherical cap 1*25 cm. radius 
whose curvature provides the requisite rigidity. The self-supporting 
coil is of aluminium ribbon (see Fig. 82) wound edgewise, being 



Fig. 163. Sectional diagram showing the diaphragm, air chamber, and horn 
construction of speaker for reproducing frequencies above 3,000 In the 
design data given m the text it is assumed that the influence of the air chamber 
between the diaphragm and the centre pole can be neglected. When this is not 
so, an additional condenser shunted by a resistance must be included 
between E and (see C^R^ in Fig. 158, also § 12). 


attached to the diaphragm at the annular surround. The total mass 
of the diaphragm structure is only 0*16 gm., which, with the surround 
stiffness of 2-8 x 10 ® dynes cm."*^, yields a natural frequency of 6,600/^ 
(equivalent to resonance of and of Fig. 151 b). The separation 
between the air-chamber and the diaphragm is 2*5 x 10“® cm. entailing 
a stiffness of 3-5x10® dynes cm.“^ This separation is sufficient to 
permit an adequate amplitude at the lowest frequency to be repro¬ 
duced. If the power and the radiation resistance are constant, so 
also is the diaphragm velocity. Thus so the amplitude 

varies inversely with the frequency. Referring to Fig. 151 b, if B is 
very large the resonance frequency of the diaphragm with the sur¬ 
round and air-chamber stiffness (L with in series) is 


— //(2-8+3-5)108\ 

27r‘^27rV\ 0-16' / 


10* 
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The hom throat is annular, its area being 0-19 cm.* Its diameter 
just exceeds half that of the diaphragm, so the air pressure from the 
remotest parts of the chamber reaches the throat in the same phase. 
The wave-length at 10^ ~ is 3*4 cm., and since the greatest distance 
from any point on the diaphragm (2*5 cm. diameter) is only about 
0*6 cm., i.e. nearly three half-wave-lengths, interference is not serious. 

An exponential hom about 12 cm. long, having a flaring index j3 
(Chap. X) to give a 2,000 ~ cut-off, is used. The resistive termina- 
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Fig. 164. Combined response-frequency curve of two speakem; (o) speaker 
with 60 cycle cut-off exponential hom, (b) high frequency hom speaker, in 
circuit shown. 


Al 42x4-912 

0 - 19 - 


6,300 mechanical ohms. Within the hom 


there is a conoidal block designed to give the requisite gradation in 
area according to the law A = AqcP^ (Chap. X). As explained above, 
the opening is annular instead of being circular, thereby avoiding 
interference. To extend the range beyond 10^ more than one 
annular gap could be used with a type of block to correspond. The 
magnetic fleld strength is 18,000 lines cm.-*, thereby providing high 
damping. 

A complete response curve of high- and low-frequency loud-speaker 
units is shown in Fig. 164. The low-frequency unit was used with 
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a 60 ~ cut-off hom, the high-frequency speaker being suspended in 
the hom opening. The electrical coupling network was such that 
frequency ranges of 60 to 3,000 and 3,000 ~ upwards were covered 
by the two units, respectively. By restricting the frequencies to their 
respective speakers, the power is used most economically, whilst the 
large low-frequency currents which would cause damage to the high- 
frequency unit, owing to excessive amplitude, are relegated to their 
proper channel. The arrangement of Fig. 164 is such that by¬ 
passes the low frequencies, whilst obstructs them; by-passes 
the high frequencies. The arrangement permits two transformers to 
be used. Thus Tg can have a primary inductance adequate for low 
frequencies, whilst for it can be reduced considerably. This is of 
importance, since the leakage inductance is also reduced, and the 
high-frequency reactance does not curb the high-frequency currents 
appreciably. 

The interpretational qualities in speech and music reside in the 
upper frequencies [211], and it is not possible to obtain naturalness 
unless the range extends to 1*2 x 10^ /^. This applies particularly to 
severe transients such as hand-clapping, footsteps, jingling of coins 
or keys, rustling of paper, etc. There is no difficulty in calculating 
the natural frequency of a coin, assumed to be a homogeneous free- 
edge circular disk. For example, the fundamental mode of a half¬ 
penny (2-54 cm. diameter) is about 12,000 Consequently it is 
quite easy to understand why the higher frequencies are indispensable 
if coin-jingling is to be reproduced. The overtones of orchestral 
instruments of various kinds extend well up to 10 ^ Even the 
flute, usually cited as an emblem of acoustical purity, requires quite 
an extensive range. One of the reasons why the reproduced version 
of the human voice sounds unnatural from the average loud speaker 
is due to the absence of frequencies above 5,000 To any musician 
with a faculty for discrimination, a musical range which does not 
extend beyond 4,000 to 5,000 ~ is definitely lacking in brilliance and 
naturalness. Absence of the upper register is aggravated to an extent 
by accentuation of the lower register by speaker resonances, and, in 
the average room, by low absorption. When the upper register is 
inserted, it must be carefully adjusted in loudness to match the lower 
register. The tolerance is not very great and it is easy to cause 
harshness. 

Since the hom aperture in the high-frequency unit is quite small 
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(about 2*5 cm. radius), the radiation is distributed more uniformly 
than that from a single speaker with a large opening [125 b]. This 
is a great advantage, because it avoids concentration of the sound 
field and enables the number of speakers required for a definite area 
to be reduced. On the basis of a rigid disk the focusing would only 
be appreciable above 8,000 and this entails quite a wide beam 
angle over a fair frequency range. 

In a recent development of the high-frequency horn speaker four 
Rochelle crystal units are used as a diaphragm. These units are con¬ 
structed as described in Chap. XIX, § 1, the fom free comers being at 
the centre of the diaphragm. The response characteristic rises rapidly 
above 1,200 By including a choke in the primary circxiit of the 
output transformer the current and, therefore, the voltage across 
the secondary terminals can be reduced with rise in frequency. The 
crystal is connected across the secondary winding and the applied 
voltage is such that the output from 2,000 or 3,000 upwards is 
fairly uniform. The upper frequency cut-off point depends upon the 
design [164 c]. 

The nearer the reproducer reaches perfection, the more it reveals 
imperfections in the input. Since gramophone reproduction is all 
scratch noise above 5,000 the use of an auxiliary speaker would 
be injurious and obviously impossible. In broadcast programmes, 
induction, valve, and other noises, which are imperceptible in a sys¬ 
tem inadequate to reproduce above 4,600 would assume undue 
proportions if the range were extended to 12,000 Consequently, 
to realize the full benefits obtainable by extending the upper register, 
the noise-level of the input in the studio and in the transmitting and 
receiving apparatus—^not to mention the ether—^must be very low 
indeed. In other words, a radical improvement of this nature at the 
receiver must be accompanied by a reduction in noise-level in the 
remainder of the system. Such an arrangement would clearly be of 
use only in local station work. But the listener need not be per¬ 
turbed. So long as an insatiable appetite—^not entirely of his own 
creation—exists for turning knobs to bring in a plethora of foreign 
stations, accompanied by the mutterings and mumblings of an over¬ 
wrought ether, the designer has no choice but to cut off everything 
above 6,000 



APPENDIX 

1. Young’s modulus (q) and the velocity of sound in paper 

Any formula for vibrational frequencies includes ^Jiqlp), the velocity 
of longitudinal (sound) waves in a uniform bar of material. It is 
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Fig. 165. Load-extension curves for paper 
strips, width 2*54 cm., length 60 cm., thick¬ 
ness (1) = 4x 10“®cm.,{2) — 1*6 X 10"^cm., 

(3) = 2-1X 10-2 ^ (4) ^ 2*3 X 10-2 

usually found in company with 11^(1—a^), where a is Poisson’s ratio 
expressed <1. As shown in Chap. XVIII, § 16, 1 /^( 1 —cr^) jg fre¬ 
quently assumed to be unity. Under this condition we are left with 
yliq/p), which is sufficiently accmate for om* requirements. This ratio 
can be measured in several ways, two of which will now be discussed: 
{l)q can be found as in stress-strain tests by observing the extension 
corresponding to given loads [184], the density being obtained from 
mass-volume measurements, (2) V(?//>) can be measured directly by 
a vibrational method, using a rectangular strip of paper [191]. 

The curves of Fig. 166 show load-extension readings for various 
grades of paper [184]. These were selected from a large number of 
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test data. In certain instances the load-extension relationship was 
linear^ within prescribed limits. Curve 1 illustrates a typical case 
where linearity occurs. By testing more than one sample of paper 
q was found to vary. The load-extension curve was not always linear, 
whilst in certain cases the paper stretched abnormally, as shown in 
curve 2. On the other hand a different batch of paper sheets showed 
uniformity and gave linear characteristics. The tests are summarized 
in Table 34. 


Table 34 


Showing q and ^Jiqlp) for paper 


Type of 
paper 

Thickness 

(cm.) 

Maas per 
unit area 
(gm. cm.-*) 

Density 

Pi 

(gm. cm.-^) 

Q 

(dynes cm.-*) 

(cm. «ec.-i) 

A 

l-/)XlO-2 

10x10-* 

6-7 X 10-1 

2-0xl0i» 

1-73x10* 

B 

21x10-* 

1-4x10-* 

6-6x10-1 

1-9x101® 

1-7x10* 

C 

40x10-* i 

2-5x10-* 

60x10-1 

1-9x1010 

1-78x10* 

D 

2-3X10-* 

1-8x10-* 

7-8x10-1 

4-6x1010 

2-4x10* 


The test specimen did not always return to its original length after 
removal of the load. Accurate observation, however, reveals that 
this phenomenon occurs, to an extent, even in the best steel; in fact 
there is no material which is truly elastic. It is only to be expected 
that paper will be inferior to steel in this respect. Owing to variation 
in q and in p, a paper cone will not behave as an isotropic homo¬ 
geneous shell, so that irregularities in its nodal figures are to be 
expected. Constancy of ^J(q|p) is not an acid test of homogeneity, 
since both q and p may vary in equal proportion in the same direction. 
If a faulty piece of paper were used in a speaker delivering large out¬ 
put, there would be alien frequencies owing to curvature of the 
stress-strain characteristic. 

When paper is baked in an oven for several hours at, say, 110°C., 
the value of q is elevated appreciably [96 b]. For example, the normal 
q for one grade of paper is 1-9 X 10^® dynes cm.“^, whilst after baking 
it rose to 3*4 x 10^® dynes cm.-^ As a corollary it is seen that q varies 
with the sample and the humidity or moisture content. Consequently 
the data given herein must only be regarded as average values in¬ 
dicative of the order of magnitude to be expected. In making 
accurate calculations pertaining to a definite class of paper, it is pre¬ 
ferable to measure ^{qjp) at the time of the experiment rather than 
extract it from physical tables. 



382 


APPENDIX 


In the vibrational method [191] a rectangular strip of paper is 
securely clamped to the free end of an electromagnetically-operated 
vibrating reed. The resonance frequency of the paper strip is obtained 
by varying the frequency of the supply current driving the reed until 
maximum amplitude occurs. Then V(?/p) = O-dSPcolt. The results 
obtained in this way are in close agreement with those found by 
direct static measurement. Although in loud-speaker apparatus high 
accuracy in the measurement of ^J(q/p) is immaterial, it is interesting 
to compare the two methods. Owing to variation in thickness and 
to surface irregularities it is not possible to get the true value of t. 
An error of 5 per cent, in the value of t entails the same error in 
V(?/p) vibrational method. 

Statically we have 

/? == == /(IL == A/L, 

aJ p aJ p strain aJ \btx pj aJ pibx' 
where b is the breadth of the paper, I the length, pi the mass per unit 
area, and x the extension. If the mass of the whole test-piece is 
measured, the mean pi is found, so that the accuracy depends chiefly 
on the measurement of extension, which presents no serious diffi¬ 
culties. It appears, therefore, that the only variant in the static case 
is 1/Vpi, so that on the whole one method is about as accurate as 
the other. 

In Chap. XVIII, § 6, it is shown that during vibration conical shells 
used in speaker construction are subjected to both bending and exten- 
sional stresses. The latter is a hoop or circumferential type. Thus 
a mean value of ^Jiqjp) found by the two methods outlined above may 
possibly be nearer the mark than either alone.* In a vibrational 
method the stress varies from zero at the neutral axis to a maximum 
at the upper and lower surfaces, being positive on one side of the 
axis and negative on the other. In the extensional method it is wholly 
positive. Any departure from the elastic state is revealed by the 
latter method, but not by the former, where it is completely camou¬ 
flaged. Hence, for safety, the extensional method is to be preferred. 

2. Radial velocity of propagation in conical diaphragm 

In a conical shell the energy is propagated from the vertex, not only 
as a result of bending, but of circumferential distension and contrac- 

♦ It is shown in Chap. XVIII, § 16, that V(?/p) is not the criterion by which the 
suitability of a material for vibrational purposes is to be judged. 
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tion. This compound effect is different from purely longitudinal 
waves in a uniform bar of the material, the velocity being greater in 
the latter instance. As in a disk the velocity is greater in the neigh¬ 
bourhood of the most rigid portion, i.e. the vertex. To obtain data 
relating to the velocity in a paper cone, measurements were made 
during the course of some experiments on dust figures. The apical 
angle of the cone (148°) and the surface roughness were adequate to 
prevent the lycopodium powder sliding off the nodal lines. A series 
of rings was formed lying between a circle 10 cm. radius and the 
periphery 22 cm. radius. The distance between the rings represents 
half a wave-length. It was not quite constant, but a mean value has 
been taken. The data so obtained are set forth in Table 35. 

Table 35 

Showing radial velocity in conical diaphragm [96 a, 183] 

5 X f 0“^ cm. thick 


Freqmncy 

Wave-length 

Radial velocity 

rw 

A (cm.) 

Vy = A/ (cm. ff6c.“') 

1,600* 

4.4 

TOxlO* 

2,000 

3-8 

7-6xl0» 

2,900 

30 

8‘7xl0» 


Near the apex the velocity exceeds the values in the table. The 
radial velocity in the outer part of the diaphragm is roughly J that 
of sound in air and about that of sound in a straight bar of the 
material. It increases with rise in frequency approximately in ac¬ 
cordance with the relationship oc to*, which also holds near the 
outer edge of a homogeneous circular disk [38, 96 a]. This increase 
is reminiscent of a telephone cable where the higher frequencies 
travel more quickly, but are more highly attenuated than the lower 
frequencies. 

Since sound travels more rapidly through the air than it does in 
the cone, radiation from the vertex at 1,600 ~ reaches a distant 
point on the axis about 5 cycles sooner than that from the periphery. 
This, of course, only concerns the transient state, since phase is 
immaterial for steady motion. 

By aid of data in Chap. XVIII, Fig. 132 a, the velocity of propaga¬ 
tion in a glass cone can be computed. Taking the case of two nodal 


* Accompanied at this frequency by radial nodes. 
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oircleB v, = 5-1 x 10^ cm. sec.-^ at 6,700 which exceeds the velocity 
of sound in air. It is, however, only J that of longitudinal waves in 
a glass rod. In the above case the vibrational frequency was reduced 
somewhat due to the mass of the coil. Otherwise v, would have been 
greater than 6-7 x 10* cm. sec.-*, but at a higher frequency. 


3. Table 36 [96 b] 

Shcrwing static inductance Lq, static resistance Bq, and effective 
permeability fig with 40-turn and 1,000-tum coils in magnet 

Air-gap = 0*32 cm.; coil temp. = 20° C.; inductance of 40-tum coil in air = 
1*32X 10”* henry; 1,000-tum coil — 8-3x10“* henry; d.c. resistance of 40-tum 
coil = 0-95 ohm (no leads); 1,000-tum coil = 1,257 ohms. 

Mean radius of coil = 2-5 cm. 

Axial length of coil — 0*95 cm. 


i 

Frequency 
(cycles per 
second) 

K 

Inductance of coil with 
field winding short- 
circuited (henry) 

jf.. 

Resistance 
(ohrtis) 
IfiOO turns 

Added 
resistance 
due to iron 
(ohms) 
IfOOO turns 

Effective permeability 
of electronwLgnet 

40 turns 

lyOOO turns 

40 turns 

lyOOO turns 

50 

3-22x10“* 

2-21X 10-> 

1,388 

131 

2-44 

2-66 

100 

3-0x10”* 

2-1X10-1 

1,395 

138 

2-28 

2-53 

150 

2-86x10-* 

1-98x10-1 

1,403 

146 

2-16 

2-38 

200 

2-78x10”* i 

1-91x10”! 

1,412 

155 

2-1 

2-3 

500 

2-48x10-* 

1-65x10-1 

1,460 

203 

1-88 

1-99 

1,000 

2-22x10”* 

1-49x10-1 

1,570 

313 

1-68 

1-8 

2,000 

2-06x10“* 

1-34x10-1 

1,800 

543 

1-56 

1-61 

3,000 

1-94x10“* 

1-25x10“! 

2,200 

943 

1-47 

1-51 

4,000 

1-8x10“* 

1-19x10-1 

2,750 

1,493 

1-36 

1-43 

5,000 

1-7x10“* 

1-12x10-1 

3,500 

2,243 

1-29 

1-35 


The inductances of the coils out of the magnet are almost exactly 
proportional to the squares of the number of turns. Since the mag¬ 
netizing force on the iron is greater with 1,000 than with 40 turns, 
the inductance per turn of the former exceeds that of the latter. The 
air-core ratio is 628; 1—it should be 625:1 for the inductance to vary 
absolutely as —whilst in the magnet it varies from 687:1 at 50 
cycles to 659:1 at 5,000 cycles. The variation in effective permeability 
is obviously identical. The ratio of the resistances due to iron loss, 
however, is greater than that for the inductances, since the former 
depends upon Sf, x> I, whilst the latter depends upon (due 
to A.C.). 

The results in Table 36 were obtained when the flux density in 
the pole tips was very low. When B is 10^ lines cm.“^, the coil being 
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oemented to the centre pole, there is an alteration of 1 per cent, in 
iSg. If the poles were saturated the change in JBg might be greater 
than this. 

4. Table 37 


Frequency 

PuUatance 

Ol 

Phase factor 
k = ctt/c 

60 

314*2 

9-26x10-* 

100 

628-4 

1-85 xlO-* 

200 

1,267 

3-7x10-* 

300 

1,885 

6-66X10-* 

400 

2,614 

7-4x10-* 

500 

3,142 

9-26x10-* 

600 

3,770 

1-11x10-* 

700 

4,399 

1-3x10-* 

800 

6,028 

1-48x10-* 

600 

6,666 

1-67x10-* 

1,000 

6,284 

1-85x10-* 


c = 3-43 X10* cm. sec.-* 


88S7,S 


cc 
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absorption coefficient, 2, 44, 288, 301. 
accession to inertia, 4, 54. 

-of conical diaphragm, 282. 

-frequency correction factor, 60, 61. 

-of flexible disk, 58. 

-of rigid disk, 57. 

-measurement of, 279. 

-reduction of vibrational frequency 

due to, 89. 

-of various vibrators, 61. 

acoustical admittance, 4. 

— image, 43. 

— impedance, 3. 

— mho, 4. 

— ohm, 3. 

— roactanco, 3, 181, 182. 

— resistance, 3, 181, 182. 

— transformer-ratio, 349. 
air-chamber, horn speaker, 350, 355, 365. 

— hornless speaker, 73. 

— stiffness, 73. 

amplitude, finite sound pressure, 198. 

— and loudness, relationship, 347. 

— to radiate 1 watt, 372. 
analogue, electrical, 350, 355, 364. 
annular membrane or surroimd, 70, 81. 
-stiffness, 85. 

-vibrational modes, 81. 

antinode, definition, 2. 
audibility, threshold of, 2. 

baffie, definition, 3. 

— box, 297. 

— disk without baffle, 36. 

— effect on sound distribution, 38. 

— flat, 36. 

— increase in power duo to, 35, 41. 

— infinite, 3, 8, 30. 

— influence on accession to inertia, 57, 
62, 281. 

— spherical vibrators without, 122. 
bakelite cones, 332. 

balanced armature mechanism, 218. 

bar, definition, 1. 

bending, potential energy of, 313. 

Bessel functions, 21, 39, 53, 64, 79-87, 
96, 101-9, 184. 

-roots of, 80. 

Blatthaller speaker, 222. 
boundary conditions, circular membrane, 
79. 

-annular membrane, 81. 


boundary conditions, theory of horns, 203. 
bridge measurements, 266. 

C®, measurement of, 283. 
cantilever reed mechanism, 213. 
centring devices, 69. 
cinema speakers, 368. 
circuit, equivalent electrical, 135, 142, 
337. 

— output or power, 135,142, 337. 
clearance in throat chamber, 351, 358, 

364. 

coercive force of magnet, 237. 
coil-driven circular membrane, 221. 

— free-edge disk, 274. 
compliance, 5. 
condensation of medium, 9. 
condenser speakers, description, 226, 229. 
-circular membrane, 169. 

-motional capacity, 164, 165. 

-performance of, 166, 171. 

-rectangular membrane, 87, 169. 

-theory of, 158. 

cone, re-entrant, 73. 

conical diaphragm, air-column vibra¬ 
tions, 329. 

-bridge measurements, 307, 316. 

-criterion of constructional material, 

330. 

-damping of oscillations, 336. 

-edge condition, 310. 

-effective mass, 276. 

-impulse records, 332. 

-influence of apical angle, 327. 

-influence of coil mass, 324. 

-influence of thickness, 323, 326. 

-nodal lines on, 304. 

-oscillation of coil-former, 339. 

-radial modes, 304. 

-stiffness, 340. 

-stresses in, 310. 

-symmetrical modes, 304, 316-29. 

criterion of magnet, 241. 

cubical elasticity, coefficient of, 10. 

current in moving coil, 137, 266, 345. 

decibel, definition, 7. 
diffraction of sound waves, 1. 
dilatation of medium, 10. 
disk, flexible, 63. 

— effective mass, 63. 

— power resisted by, 118-21. 
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disk, soimd distribution from, 104, 106. 

— vibrational modes, 63. 

— rigid, 8, 30, 49, 94, 143. 

-power radiated by, 146. 

-pressure at any point on, 49. 

-sound distribution from, 94. 

-total pressure on, 143. 

distortion, moving-coil speaker, 263. 

— reed speaker, 214. 
divergent waves, in horn, 180. 

-spherical, 21. 

double sound source, 32. 

-power from, 34. 

driving mechanisms, 213. 

-balanced armature, 218. 

-Blatthaller, 222. 

-cantilever reed, 213. 

-condenser speakers, 226, 228. 

-directional-baffle speaker, 221. 

-horn speaker, 224. 

-hornless moving coil, 219. 

-inductor dynamic, 217. 

-lover mechanism, 226. 

-moving-coil membrane, 221. 

-Riffel, 223. 

dynamic deformation curve, definition, 5. 
-of circular membrane, 80. 

effective mass, definition, 4. 

-of annular membrane, 82. 

-of conical diaphragm, 276. 

-of dielectric in condenser speaker, 

167. 

-of flat reed, 63. 

-of flexible disk, 63. 

-of free-edge disk, 274. 

-of mass and helical spring, 271. 

-of rigid disk, 146, 147. 

-measurement of, 273. 

efficiency, absolute, 263, 256. 

— acoustical, 263. 

— mechanical, 255. 

— measurement of, 255, 259. 

— of directional-baffle speaker, 367. 

— of hornless speaker, 256, 257. 

— of horn speaker, 258. 

electrical analogue of mechanical sys¬ 
tem, 350, 355, 364. 

electrical and mechanical equivalents, 6. 
electrical equivalent diagram, 337. 
electrical impedance, measurement of, 
266. 

electromechanical conversion factor, 5. 

— rectification, 159, 239, 246. 

— resonance, 134, 150. 
electrostatic force, 158-61. 


endurance test, 264. 
energy, kinetic, 89. 
equivalent mass, definition, 5. 

-of membrane, 89, 90. 

-of disk, 90. 

extension, potential energy of, 313. 
extensional vibrational modes, 312. 

fluid pressure on vibrators, 49. 

-on membrane, 59. 

-on rigid disk, 49. 

flux, magnetic, 230. 

— measurement of, 231. 

— sound, 3. 

frequency range, hornless speaker, 343, 
374. 

-horn speaker, 374. 

-of reproduction, 374. 

functions, Bessel, 21, 39, 53, 64, 79-87, 
96, 101-9, 184. 

— hyporgeometric, 50, 56, 57. 

— Struve, 67, 143, 189. 

Gauss's theorem, 57. 

harmonics, in speaker output, 264. 

— zonal spherical, 20. 

hemisphere, vibrating radially, 48, 61, 
123. 

-axially, 48, 60, 61, 128. 

— sound distribution from. Ill. 
high-frequency speakers, 374. 
horns, acoustical impedance, 181, 182. 

— Bessel typo, 184. 

— characteristic curves, 187. 

— conical, 180. 

— damping of oscillations in, 335. 

— design of, 354, 369, 366. 

— experimental data, 362. 

— exponential, 182. 

— finite sound amplitude in, 199. 

— power delivered to, 185. 

— reflection at mouth, 188, 194. 

— simulating impedance, 190. 

— speaker design, 349. 

— theory of, 177. 

— throat chamber, 350, 351, 376. 

— throat impedance, 181, 183. 

— throat pressure, 203. 

— velocity of sound in, 182, 183, 196. 
hysteresis quadrant, 237. 

image, acoustical, 43. 
impedance, acoustical, 3. 

— electrical, 6, 132. 

— mechanical, 4. 
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impedance, motional, 5. 

— of long tube, 32. 

— of moving coil, 134. 

— measurement of, 266. 

— per unit area, 4. 

— of spherical vibrator, 47. 

impulse records, conical diaphragm, 334. 

-glass cone, 336. 

-horn speaker, 336. 

inductor d 3 mamic speaker, 217. 
inertia, accession to, 4. 

— measurement of, 279. 

— component of surface pressure, 10, 
13-18, 179. 

infinitesimal pressure amplitude, 13-18, 
178. 

inherent mechanical loss, measurement 
of, 139. 

intensity level, definition, 2. 
interference, definition, 1. 

— spatial, 94, 221. 

iron loss due to magnet, 220, 270, 271, 
384. 

isobels, curves of equal loudness, 348. 

kinetic energy, flexible disk, 89. 

-membrane, 89. 

Legendre polynomials, 20, 32. 
lever mechanism for speakers, 226. 
linearity test, 262. 
loudness, definition, 2. 

— curves of equal, 348. 
low-frequency resonance, 70, 345. 

-in condenser speaker, 174. 

-in moving-coil speaker, 70. 

magnets, electro- and permanent, 230. 

— axial flux distribution, 234, 239. 

— design of, 237. 

— electromechanical rectification, 239, 
246. 

— flux measurements, 231. 

— leakage, 232, 234. 

— optimum working point, 237. 

— output criterion, 241. 

— of minimum volume, 238. 
masking of sound, definition, 3. 
mass, effective, 4. 

— equivalent, 6. 

matching resistance of medium, 3. 
Mathieu equation, 246, 260. 
mechanical, efficiency, 266. 

— equivalent, 6. 

— impedance, 4. 

— reactance, 4. 


mechanical resistance, 4. 
membrane, annular, 81. 

-effective mass, 82. 

-in hornless speaker, 70. 

-sound distribution from, 104. 

-vibrational modes, 81. 

— circular, 78, 79, 86, 87. 

-axial sound pressure, 103. 

-effective mass, 87. 

-power radiated by, 117. 

-spatial sound distribution from, 103. 

-vibrational frequencies, 79. 

— rectangular strip, 87. 
microphone, minimum distance from 

speaker, 286. 

modulation products, 160, 262. 
motional capacity of speaker, 133, 164, 
166. 

— impedance of speaker, 132, 164. 

— inductance of speaker, 132, 164. 

— resistance of speaker, 132, 164. 
moving-coil principle, description, 219. 
-theory, 131. 

moving coil, current in, 344. 

-optimum mass, 163. 

-reactance, 132. 

-resistance, 132. 

-speaker, design, 343, 349. 

-L.F. resonances, 70. 

-H.F. resonances, 316-36. 

-damping of oscillations, 336. 

-impulse records, 334. 

-relationship between amplitude 

and loudness, 347. 
multi-diaphragm speaker, 127. 

natiiralness in reproduction, 378. 
neon lamp stroboscope, 305. 
nodal circles, on cones, 304, 316-22. 

-on disks, 64. 

-on membranes, 80. 

nodal radii on cones, 304-7. 
non-linear characteristic of speaker, 168, 
214, 239, 263. 

orbital method of response measure¬ 
ment, 288. 

oscillations of conical diaphragms, 334. 

— of horn speaker, 335. 

— of surround, 71, 81, 277. 

partial nodes, 2. 

particle velocity, 11, 14, 16, 202. 
permeability of magnet, 384. 
plane soimd waves, 10. 
point sound source, 26. 
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polar curves of sound distribution, 98, 
106, 296. 

polarizing voltage on speaker, 159. 
potential energy of deformation, 313. 
power radiated by simple source, 26. 

-by double source, 34. 

-by flexible disk, 118-21. 

-by hemisphere, 126-30. 

-by rigid disk, 30, 145. 

-by sphere, 123. 

— measurement of sound, 258, 260. 

— electrical input, 253. 
pressure, on vibrating surface, 49. 

— acoustic, 50, 62. 

— inertia, 57. 

— infinitesimal sound, 10, 13-18, 178, 
179. 

— finite sound, 198. 

— at horn throat, 203. 

— at any point in fluid, 16. 
propagation of sound, theory, 9. 

radial modes of vibration, 304. 

— nodes, 305. 

— velocity in diaphragm, 382. 
reactance, acoustical, 3, 181, 182. 

— of moving coil, 134, 150. 

— mechanical, 4. 

rectangular membrane speaker, 169, 226. 

— plate, sound distribution from, 100. 
rectification, electromechanical, 159, 

239, 245. 

reflection, coefficient of, 2. 
reproduction above 5,000 374. 

resistance, acoustical, 3, 181, 182. 

— mechanical, 4. 

— motional, 6. 

— of moving coil, 134. 

— of medium, 3. 

resonance of diaphragm on surround, 70, 
308, 345. 

— of surround, 70, 81, 308. 
response, definition, 289. 

— orbital method, 288. 

— automatic record, 291. 

— experimental data, 292. 

— polar curves, 296. 
reverberation, definition, 2. 

— time, 2. 

Riffel speaker, 223. 

rigid disk, analysis of coil-driven, 143. 

-axial pressure, 151. 

-constant power from, 267. 

-—-—power from, 146, 162. 

-amplitude to radiate 1 watt, 372. 

^ — pressure on, 49, 143. 


rigid disk, reed driven, 153. 

Rochelle salt speakers, 344, 379. 
room effects in reproduction, 299. 

sensation level, 2. 
simulating impedance, 4. 
solid angle definition, xii. 

-influence of, 30. 

sound distribution from vibrators, 94. 

-from group of radiators, 112. 

sound energy density, 1, 301. 

-- flux, 1. 

— finite amplitude of, 198. 

— power for cinemas, 370. 

— pressure, 3. 

— propagation, 9. 

— waves, 3-dimensional, 13. 
source, simple, 25. 

— double, 32. 

— strength of, 25, 33. 
speakers for cinemas, 368. 
spherical harmonics, equation of, 20. 
-zonal, 20. 

— vibrators, 47, 106. 

— waves, 13. 
stiitic pressure, 1. 
stiffness, definition, 5. 

— measurement of, 284. 

— meter, 284. 

strength test of speaker, 265. 
stresses in conical shell, 310. 
stroboscope, in studying nodal figures, 
305. 

Struve’s function, 57, 143, 189. 
sub-harmonics, 315. 

surround, of conical diapliragrn, 70, 81, 
277, 308. 

theory of sound propagation, 9. 
thickness of paper, effect on diaphragm 
behaviour, 323, 326. 

throat chamber of horn speaker, 350, 
351, 376. 

-pressure in, 203. 

-stiffness of, 351, 353, 358, 365. 

throat of horn, resistance of, 181, 183. 

-impedance of, 181, 183. 

threshold of audibility, 2. 
transient, definition, 6. 

— theory, 204. 

transmission loss in diaphragm, 90. 

valve circuits for speakers, 136, 142, 158, 
167, 170, 227. 

velocity of sound, in air, 1. 

-in diaphragm, 382. 
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velocity of sound, in paper, 380. 
velocity, particle, 3, 11, 14, 16, 202, 
203. 

— potential, 16, 21, 57, 106, 122, 178. 
vibrational frequencies of conical dia¬ 
phragms, 304. 

-of annular membrane, 81. 

-of circular membrane, 79. 


vibrational frequencies of flexible disk, 
63. 

-of flexible reed, 66. 

volume of throat chamber, 351, 358, 
361. 

warble tone, 287. 

Young’s modulus for paper, 380. 
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